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ABSTRACT
Genomic analysis provides a substantial amount of information on evolutionary
history, novel genes, transcriptomic expression and regulation in response to
environmental stimuli, how efficiently organisms utilize their genome, and directional
genome evolution. Genome size analysis serves as the first step in the sequencing
process, because sequencing and annotation costs are directly correlated with genome
size. Invertebrates represent the vast majority of faunal diversity on the planet, and, to a
greater extent, the marine environment, although they are vastly understudied when
compared to vertebrate genomes. Flow cytometry is a widely used, reliable, and accurate
means of estimating genome sizes and has yielded valid measurements in this
comparatively broad taxonomic study. This methodology quantifies genome sizes by
measuring the fluorescent re-emission from nuclei that have been saturated with DNAintercalating dyes, such as propidium iodide. Genome sizes of 19 species across five
phyla were estimated by comparison with the known genome size of chicken (Gallus
domesticus). Several estimates reported here are the first for their species or class. In
addition to estimating new marine invertebrate genome sizes, analyses of some common
preservation methods of tissue viability for flow cytometric estimations were performed.
Generally, in comparison to RNAlater or ethanol, DMSO-based storage buffer was most
successful at preserving nuclear membrane integrity, a requirement for flow cytometric
genome size estimations. Recommendations of cost-effective species eligible for current
next-generation sequencing technology (<3.5 Gb) are given for invertebrate genomicists
seeking potential novel species to sequence.

Keywords: genome size, C-value, invertebrate, propidium iodide, flow cytometry
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Introduction
Genomic analysis provides a substantial amount of information on evolutionary
history (King et al. 2008; Voskoboynik et al. 2013; Pisani et al. 2015; Hjelman and
Johnston 2017; Wang et al. 2017); the genetic foundation of unique biological and
morphological peculiarities (Albertin et al. 2012; 2015; Zhang et al. 2012; Flot et al.
2013); the presence of functioning and extinct genes (Eddy 2012; Voskoboynik et al.
2013); how efficiently organisms utilize their genome (Francis and Worheide 2017); how
genes are regulated and expressed (Brooker and Shaw 2012; Boyle and Rice 2014;
Baumgarten et al. 2015; Dunn and Ryan 2015); gene and protein interactions (Brooker
and Shaw 2012; Zhang et al. 2012), and the processes contributing to genome expansion
and shrinkage (Kidwell 2002). Genome sequence data is necessary to answer these and
other similar questions.
The recent advent and breakthrough of next-generation high-throughput
sequencing (NGS HT) have profound implications for genomic analysis (Kidwell 2002;
King et al. 2008; Dufresne and Jeffery 2011; Riesgo et al. 2012; Koep et al. 2015; GIGA
COS 2014; 2017; Dohrmann and Worheide 2017; Francis and Worheide 2017). Until
relatively recently, phylogenetic reconstructions were primarily developed using
morphological and physiological characteristics (Shinzato et al. 2011; Adachi et al. 2013;
GIGA COS 2014), but as genomic data becomes more accessible and cost-effective
(Ovcharenko et al. 2004; Fielman and Marsh 2005; Hedgehock et al. 2005; Gregory et al.
2007; 2013; Dufresne and Jeffery 2011; Stelzer 2011; Jeffery 2012; Jeffery et al. 2012b;
Riesgo et al. 2012; Koepfli et al. 2015; GIGA COS 2014; 2017; Jeffery and Gregory
2014), it will be necessary to apply such methods to revisit accepted phylogenetic
relationships. Genomic analysis will increase the accuracy of these evolutionary
hypotheses, add additional evidence to phylogenetic trees (Lavrov et al. 2000; Pisani et
al. 2015), and improve and establish comparative invertebrate genomics as a robust
scientific field (GIGA COS 2014; 2017). Moreover, genomic data is paramount in
molecular clock studies investigating early metazoan diversification as measured by the
degree of sequence variation (Dohrmann and Worheide 2017).
In recent years, genome sequencing projects have revealed extensive invertebrate
genetic diversity. Albertin et al. (2015) found multiple cephalopod-unique genes,
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including expansive development of a large group of neural gene families contributing to
the remarkable intelligence of these molluscs. The sequencing of Aiptasia sp. by
Baumgarten et al. (2015) provided new insights into the evolution of cnidarian
endosymbiosis, host-symbiont gene interactions, and endosymbiont re-recognition
pathways after expulsion from host tissue, with implications for the current rapid global
trend in coral bleaching. Finally, the genome assembly of the Pacific oyster, Crassostrea
gigas, revealed specific bivalve-related genes and gene products responsible for shell
generation and stress resistance in a highly variable and chaotic environment (Zhang et
al. 2012). The information derived from these and other genomes will contribute to more
effective strategies for conservation, economic regulation, and preservation of the
biological diversity worldwide (Troudet et al. 2017).

Invertebrates: Dominant Metazoans
The Animal Kingdom, also referred to as Metazoa, encompasses extreme
morphological, physiological, and genetic diversity (Petrov 2001; Kidwell 2002; Gregory
and Shorthouse 2003; Franchini et al. 2010; Albertin et al. 2012; 2015; Jeffery and
Gregory 2014; Troudet et al. 2017). Of the 36 currently recognized phyla, all are or
include invertebrates (Gregory and Shorthouse 2003; Hedgehock et al. 2005; Jeffery
2012; GIGA COS 2014), an informal term for the paraphyletic group that encompasses
all animals lacking a vertebral column. Vertebrates constitute only one subphylum of one
phylum—Chordata (GIGA COS 2014). Invertebrate diversity is exemplified by their
dominance in terrestrial, aquatic, and marine environments and across a wide range of
habitats, from mountaintops to deep-sea hydrothermal vent communities (Fielman and
Marsh 2005; Rees et al. 2007; King et al. 2008; Bonnivard et al. 2009). Invertebrates are
major constituents of marine food webs that serve as important food sources for many
consumers at higher trophic levels (King et al. 2008; Jeffery 2012; GIGA COS 2014;
2017). Because of their abundance and diversity, it is critical that we increase our
understanding of their ecological roles and how their abundances may change in the near
future.
All animal phyla share a common marine ancestor, most likely a choanoflagellate
protist (King et al. 2008; Jeffery et al. 2012a). Most invertebrate phyla are exclusively
14

marine (Hedgehock et al. 2005; Bonnivard et al. 2009), and only a single animal phylum
(Onychophora) is absent from the ocean (Jeffery et al. 2012b; Leal et al. 2012).
Recently, genomic data have revealed biological characteristics that allowed early
animals to transition from marine to terrestrial environments (Nikaido et al. 2013; You et
al. 2014). However, few genomic studies focus on marine invertebrates, compared with
the vast number of studies involving vertebrates (Bonnivard et al. 2009; Gregory 2011;
Stelzer 2011; Jeffery et al. 2012b; Howe et al. 2013; Troudet et al. 2017). Some marine
invertebrates, such as lancelets and ascidians, have been more extensively researched, as
they are some of the simplest chordates and provide both evolutionary and developmental
(“evo-devo”) biologists with simple model organisms to study the vertebrate-invertebrate
transition (Fig. 1; Dehal et al. 2002; Satoh et al. 2003; Hedgehock et al. 2005; Swalla and
Smith 2008; Kondo and Akasaka 2012; Voskoboynik et al. 2013).

Figure 1. Developmental variation in deuterostome phylogeny. Tunicates and
cephalochordates are closely related to vertebrates and provide model organisms to study
deuterostome evolution and development (from Swalla and Smith 2008).

Many marine invertebrates perform important ecosystem services that provide
valuable resources for ecological and biological processes (Hopkins et al. 1994;
15

Hedgehock et al. 2005; Fafandel et al. 2008; Zhang et al. 2012; Prather et al. 2013;
Voskoboynik et al. 2013; Troudet et al. 2017). Benthic deposit feeders help remove
excess detritus and uneaten food particles from the substrate, and herbivorous grazers
trim down turf algae and prevent algal dominance in coastal systems (Silliman and
Bertness 2002). Suspension-feeding bivalves, holothuroids, and sponges filter the water
column and increase water clarity for light penetration, which benefits photosynthetic
organisms (Hedgehock et al. 2005; Saavedra and Bachere 2006; King et al. 2008;
Voskoboynik et al. 2013). Scavenging detritivores consume dead or dying animals that
fall to the sea floor (Amon et al. 2013). Some polychaetes, such as the deep-water, bonecolonizing Osedax spp., reintroduce nitrogen and carbon into the food web via the
activity of chemosynthetic endosymbiotic bacteria (Amon et al. 2013; GIGA COS 2014).
Other invertebrates, such as reef-building scleractinian corals, serve as bioengineers,
providing ecosystem structure and microhabitats for other organisms, further enhancing
biodiversity (Shinzato et al. 2011; GIGA COS 2014).
In addition to ecological services, many invertebrates are commercially valuable
(Hedgehock et al. 2005; Saavedra and Bachere 2006; Franchini et al. 2010; Takeuchi et
al. 2012; Zhang et al. 2012; Gregory et al. 2013; GIGA COS 2014). Some serve as
important dietary staples for coastal communities (Neiland et al. 2001; Glaser and Diele
2004; Saavedra and Bachere 2006; Jeffery 2012), provide indirect environmental services
that permit the harvesting of other species (Paine 1974; Silliman and Bertness 2002;
Hedgehock et al. 2005; GIGA COS 2014), and produce biological compounds important
for medical (Dawson et al. 1998; Hurton et al. 2005; GIGA COS 2014) and industrial
(van der Wal et al. 1999; Weaver et al. 2010; Zhang et al. 2012) applications.
Despite their dominance throughout the biosphere, invertebrate genomes are
vastly understudied (Gregory and Shorthouse 2003; Rees et al. 2007; Gregory 2011;
Jeffery et al. 2012b; Adachi et al. 2013; GIGA COS 2014; Mulligan et al. 2014). The
Global Invertebrate Genomics Alliance Community of Scientists (2014) notes that of the
36 animal phyla for which they are attempting to obtain new genomics data, only 15 have
published genome sequences. Venkatesh et al. (2005) and Howe et al. (2013) attribute
this discrepancy to the implication that only vertebrate studies increase knowledge of
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human biology. However, it is now clear that invertebrate genomics research will offer
substantial insights into human genomics as well.

Genome Size and the C-value
The haploid genome size, or C-value, represents the haploid DNA content of an
organism (Gambi et al. 1997; Gregory et al. 2000; Gregory 2002; 2005; Gregory and
Shorthouse 2003; Rees et al. 2007; Smith and Gregory 2009; Dufresne and Jeffery 2011;
Stelzer 2011; Mulligan et al. 2014). Until recently, genome sizes provided biologists
with a proxy for the degree of organismal complexity. However, it turns out that the two
are uncorrelated, a phenomenon called the “C-value paradox” (Gregory et al. 2000;
Petrov et al. 2000; Petrov 2001; Kidwell 2002; Fielman and Marsh 2005; Gregory 2005;
Rees et al. 2007; Stelzer 2011; Eddy 2012; Adachi et al. 2013; Hjelman and Johnston
2017). Similarly, another concept, the “C-value enigma”, reflects the fact that large
amounts of non-coding DNA inflate the size of eukaryotic genomes without producing
any observable phenotypic characteristics (Gregory et al. 2000; Petrov 2001; Kidwell
2002; Gregory and Shorthouse 2003; Gregory 2005; Rees et al. 2007; Markov et al.
2010; Eddy 2012; Adachi et al. 2013; Francis and Worheide 2017). It is therefore
possible that organisms with smaller genomes utilize a larger percentage of their genome
(as do prokaryotes) and are biologically more complex than organisms with larger
genomes that use a smaller percentage (Petrov 2001). Nevertheless, Francis and
Worheide (2017) showed that most animals transcribe nearly half their genome.
Possible patterns in genome sizes relative to habitat type and physiological
characteristics have been observed in previously studied invertebrates (Gambi et al. 1997;
Fielman and Marsh 2005; Rees et al. 2007; Bonnivard et al. 2009; Smith and Gregory
2009). Genome sizes of benthic meiofaunal polychaetes are smaller than macrofaunal
polychaetes, suggesting that characteristics of interstitial environment may play a role
(Gambi et al. 1997). Similar observations have been seen in some shallow- versus-deepsea marine invertebrate species (Fielman and Marsh 2005; Bonnivard et al. 2009) and
between marine and freshwater fish (Yi and Streelman 2005; Smith and Gregory 2009),
insinuating that higher temperatures restrict genome size via selective pressure. The
latitudinal trends in genome sizes suggest that smaller genomes are more metabolically
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advantageous in chaotic and unstable environments (Ohri 1998), although Fielman and
Marsh (2005) found little noticeable differences in genome sizes between hydrothermal
vent taxa and surrounding deep-sea organisms. Moreover, important individual and
population characteristics are attributed to genome size variation (Vinogradov and
Anatskaya 2006). Smith and Gregory (2009) and Hare and Johnston (2011) noted that
genome size has profound effects on body size (Gambi et al. 1997; Gregory et al. 2000;
Ellis et al. 2014), growth rates of individuals within a population, metabolic rates
(Fielman and Marsh 2005; Vinogradov and Anatskaya 2006), and time to reproductive
maturity. For example, amphibians exhibit negative correlations between genome size
and individual growth rates (Gregory 2002), but this trend is apparently absent in more
basal vertebrate species and in mammals (Morand and Ricklefs 2005; Smith and Gregory
2009). Additionally, Mirsky and Ris (1951) were among the first genetic researchers to
document variations in cellular characteristics (e.g., cell size, chromatin compaction, etc.)
associated with different genome sizes. The functional phenotypic consequences derived
from possessing a certain size genome and the evolution of genome size in some groups
can be either beneficial or detrimental, depending on the direction in which genome sizes
evolve (Gregory et al. 2000). Fig. 2 depicts the large variation in genome sizes among
various groups within the three domains of life, Eukarya, Bacteria and Archaea.
Sequencing invertebrate genomes will enhance our understanding of a greater
range of animal phyla and contribute to a more thorough view of the genetic similarities
shared by metazoans, as well as discovering genomic novelties (Albertin et al. 2012;
2015). Further analyses of gene expression and regulation should also reveal how
organisms differ across multiple spatial, temporal, and environmental regimes (Fielman
and Marsh 2005; Riesgo et al. 2012). Understanding the way in which organisms
regulate gene expression can also reveal how they may respond to specific environmental
variables, such as those associated with anthropogenic climate change.
Along with genome sizing and sequencing of marine invertebrates, identification
and analysis of specific transcriptomes of these organisms can provide insight into the
activated coding genomic regions that may permit them to cope with environmental
changes (Fielman and Marsh 2005; Riesgo et al. 2012). The GIGA Community of
Scientists (COS 2014; 2017) has undertaken the task of sizing and sequencing of both
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genomes and transcriptomes from many non-insect and non-nematode species in a
collaborative effort to facilitate comparative genomic research. This similarly parallels
the goals and objectives of the vertebrate Genome 10K Project (Koepfli et al. 2015) and
Insect 5K Project (i5K 2013). The relationship between genome size and transcriptome
size and their relevance to the coding portion of the genome is also of interest (Francis
and Worheide 2017). Differences in intraspecific transcriptomic expression may be the
result of environmental variables unique to certain geographic localities within the range
of a single species (Fielman and Marsh 2005; Riesgo et al. 2012). Understanding how
transcriptomes may change in response to varying environmental conditions will be
greatly enhanced by future genomic and transcriptomic analyses of marine invertebrates.

Figure 2. Large genome size diversity of several taxa within the three domains of life
(from Gregory 2005c).

Flow Cytometry
Several techniques can quantify nuclear DNA content of an organism (Dolezel et
al. 1998; Hare and Johnston 2011; Stelzer 2011; Gregory et al. 2013). Flow cytometry,
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first invented in the late 1960s for scientists wanting to stain, analyze, and sort live cells,
is a common method used to measure the haploid DNA content in both plant and animal
cells (Vinogradov 1994; Herzenberg et al. 2002; Franchini et al. 2010). It has since
developed into a useful tool for quantifying a multitude of cytological parameters with
new lasers, staining reagents, and detectors capable of analyzing up to 12 fluorescent
colors simultaneously (Herzenberg et al. 2002). Haploid C-values can be directly
quantified from haploid tissue, such as gametes, but may also be determined from diploid
tissue, though the resulting DNA content has to be halved. DNA labeling is based on the
concept of fluorescent emission, in which light from a laser is absorbed at one
wavelength (usually 488 nm) and re-emitted at a wavelength of lower energy (Birstein et
al. 1993; Brown and Wittwer 2000). In the case of flow cytometry, the fluorescence
originates from a dye, propidium iodide (PI), that intercalates directly and quantitatively
between the nitrogenous bases of the DNA molecule (Brown and Wittwer 2000;
Darzynkiewicz et al. 2010).
PI is commonly used for the detection of apoptotic cells in a population, but is
also a good reagent for quantifying nuclear DNA content (Riccardi and Nicoletti 2006;
Darzynkiewicz et al. 2010). PI is advantageous over other DNA binding dyes, because it
binds proportionally, or intercalates, into the DNA molecule every 4-5 bases and shows
no base-specific preference (Fig. 3; Waring 1965; Dolezel et al. 1992; Hare and Johnston
2011). A disadvantage of using PI is that it indiscriminately binds to nucleic acids,
requiring samples to be prepared with RNase to prevent RNA binding (Krishan 1975;
Darzynkiewicz et al. 2010).
A requirement of flow cytometry is that the tissue being used must be broken
down into a single-cell suspension (Galbraith et al. 1983; van Dam et al. 1990; Dolezel
and Bartos 2005). This step can require extensive mechanical and chemical effort, and
employs grinding pestles and homogenizers to physically break tissues down into their
cellular constituents (Stelzer 2011). Digestive enzymes may also be introduced to
facilitate cell separation (Galbraith et al. 1983). Variations in initial tissue delicacy
determine the degrees of homogenization and enzymatic digestion in order to prevent
excessive nuclear membrane damage and resulting cellular debris. Microscopic
verification of nuclear suspensions can determine if the quality is good for analysis. This
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can dictate if suspensions need additional purification to remove cellular debris, isolate
more nuclei, or if a specific homogenization method is too easy or harsh on a certain
tissue. In this case, modifying existing protocols to adapting sample preparation to the
specific organism or tissue through trial-and-error is crucial for high quality nuclear
suspensions.

Figure 3. Chemical structure of PI (left) and intercalation of PI molecules in between
bases of the DNA double helix (right). Red bars indicate PI molecules.

Once single-cell suspensions are produced, cells are lysed with a hypotonic
solution that breaks the cell membrane and releases cytoplasmic organelles and debris
(Darzynkiewicz et al. 2010). Cell lysis is necessary for removal of mitochondrial DNA
(mtDNA), because the subsequent nucleic acid staining may not discriminate mtDNA
and nuclear DNA (Darzynkiewicz et al. 2010). Removal of the mitochondria also
resolves the issue of mtDNA copy number variation between various tissues in the same
individual, which would interfere with accurate DNA content measurements (Cavelier et
al. 2000). Suspensions are filtered with 25-100-μm mesh to sieve out cytoplasmic debris
and retain nuclei.
Nuclear isolations are then stained with PI on ice in the dark to permit adequate
time for DNA binding. The time allotted for DNA staining may be altered for sufficient
binding and permeation throughout the nuclear suspension. Durations of PI staining can
range from 15 minutes to 24 hours (Vindelov et al. 1983; Bennett et al. 2003; Adachi et
al. 2013).
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In the flow cytometer, a stream of single nuclei is created by a specialized
fluidizing system and is then passed in front of a laser, which causes the dye to fluoresce
and re-emit light at a lower-energy wavelength, which is then quantified (Fig. 4; Dolezel
et al. 1992; Birstein et al. 1993; Brown and Wittwer 2000; Dolezel and Bartos 2005;
Stelzer 2011; Jaye et al. 2012). Internal standards of known genome size within the test
sample are used as positive controls to derive proportional fluorescence values from
which the test species’ genome size is extrapolated (Fig. 5; Dolezel et al. 1992; Birstein
et al. 1993; Dolezel and Bartos 2005; Hare and Johnston 2011; Stelzer 2011). A greater
fluorescence emission signifies a larger amount of PI bound within the DNA molecule
and, consequently, a larger genome (Birstein et al. 1993; Brown and Wittwer 2000;
Dolezel and Bartos 2005). Common internal standards for studies using flow cytometry
for genome size estimation are rainbow trout Oncorhynchus mykiss, chicken Gallus
domesticus, puffer fish Tetraodon nigroviridis, mosquitofish Gambusia affinis, channel
catfish Ictalurus punctatus, wild boar Sus scrofa, human Homo sapiens, and bullfrog
Rana catesbeiana (Vieira et al. 2002; Vergilino et al. 2009; Jeffery 2012).

Methods for Genome Size Estimations: Flow Cytometry and Feulgen Image Analysis
Densitometry
Flow cytometry and Feulgen image analysis densitometry are now the two
primary methods for estimating genome sizes (Gregory 2005b; Hare and Johnston 2011;
Jeffery and Gregory 2014). Decades ago, flow cytometers and image analyzers were
used primarily in cancer diagnostics, but recent cost reductions and improvements in ease
of use have increased their availability in research labs for uses such as genome size
estimation (Brown and Wittwer 2000; Hardie et al. 2002). Because of their versatility in
measuring a multitude of cytological characteristics in addition to DNA content (Brown
and Wittwer 2000), flow cytometers are useful for a variety of laboratory applications,
which justifies their initial cost for many research institutions.
Feulgen image analysis densitometry relies on image analysis software to quantify
the fluorescence intensity of individual nuclei in a one-dimensional image (Mulligan et
al. 2014). These nuclei are prepared in a fixation-hydrolysis-staining protocol, resulting
in fluorescent nuclei for comparison with nuclei of a standard. Optical densities of
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stained nuclei are quantified using a densitometer to detect light absorbance by nuclei and
compared to absorbance of standard nuclei to obtain genome size estimates (Hardie et al.
2002; Jeffery et al. 2012a).

Figure 4. Basic schematic diagram of a flow cytometer showing the laminar stream of
nuclei passing through a laser and the simultaneous fluorescence quantification by the
forward and side scatter detectors (from Grant et al. 1991).

Figure 5. Sample flow cytometry histogram of two plant species. The test species (E.
gilletii) has approximately half as much nuclear DNA as the internal standard, soybean
(G. max) (from Dolezel and Bartos 2005).
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Benefits and Drawbacks of Flow Cytometry
Flow cytometry is a relatively fast and accurate method for nuclear genome size
estimations (Vindelov et al. 1983; Hare and Johnston 2011). Fewer steps are involved in
comparison with Feulgen image analysis, in which samples must first be fixed,
hydrolyzed, and stained (Vinogradov 1998). In contrast, flow cytometry preparation
requires only that nuclear suspensions be made from tissues (Brown and Wittwer 2000).
One criticism of flow cytometry is the effect of chromatin compaction on the
ability for fluorochromes to fully bind to nuclear DNA (Birstein et al. 1993; Vinogradov
1998; Darzynkiewicz et al. 2010; Hare and Johnston 2011; Gregory et al. 2013), though
Gregory (2005a) suggests it is a problem common to both methods. Chromatin is
composed of DNA and histone proteins, which are responsible for variations in
chromosome condensation. Fluorochrome accessibility is greatest during prophase of
mitosis, when chromosomes are the least condensed, so targeting fixed cells during this
stage in the cell cycle is ideal (Gregory et al. 2007). Darzynkiewicz et al. (2010)
mentions that preparing nuclear suspensions using detergent methods (e.g., Triton X-100
in Galbraith buffer) increases likelihood that fluorochromes proportionally bind to DNA
and fluoresce with adequate intensity. Another potential downside is the base-specific
preference of some fluorochromes (Tiersch et al. 1989; Vinogradov 1998). However,
choosing non-selective fluorochromes reduces this potential source of error, because PI
shows no base-specific affinity and it proportionally intercalates into the major groove of
DNA (Birstein et al. 1993; Brown and Wittwer 2000; Hare and Johnston 2011).

Benefits and Drawbacks of Feulgen Image Analysis Densitometry
Feulgen image analysis densitometry is also a rapid and inexpensive method for
obtaining genome size estimates, though it can be more time-consuming (Hardie et al.
2002). An advantage is the ability to visually discern between eukaryotic and bacterial
cells, particularly important in specimens with high microbial abundance (Jeffery et al.
2013; Mulligan et al. 2014). Additionally, the acid hydrolysis step involved in the
Feulgen staining protocol partially resolves the influence of chromatin compaction on
DNA’s accessibility to fluorochromes (Hare and Johnston 2011). Feulgen image analysis
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densitometry is also favorable when nuclear suspensions are not possible, because
nuclear membrane integrity is compromised (Jeffery and Gregory 2014).
Despite the benefits, Feulgen image analysis densitometry requires a three-step
procedure in preparing nuclei for analysis: fixation, acid hydrolysis, and staining
(Vinogradov 1998; Gregory 2005a). The Feulgen reaction is vulnerable to variation in
each of these steps (Hardie et al. 2002). Traditionally, fresh or deep frozen tissue is
required for Feulgen image analysis densitometry, but studies similar to that of Jeffery
and Gregory (2014) show that estimates can be made with preserved specimens in some
groups, such as EtOH-preserved sponges (Jeffery et al. 2013).

Variation in Genome Size Estimates Between Flow Cytometry and Feulgen Image
Analysis Densitometry
No significant differences were observed in genome size estimates obtained by
flow cytometry and Feulgen image analysis densitometry in krill (Jeffery 2012), ribbon
worms (Mulligan et al. 2014), various mollusks (Kocot et al. 2016), and sponges with
small genomes (Jeffery et al. 2013). Some evidence indicates that Feulgen image
analysis densitometry obtains slightly larger estimates than flow cytometry in velvet
worms (Jeffery et al. 2012) and sponges with large genomes (Jeffery et al. 2013).
However, most comparative data show little variation between the two methods, and both
estimates lie in the range suitable for today’s sequencing cost and capabilities. More
genome size data, particularly large genomes, is needed from both methods to verify
similarities in accuracy of these two techniques.

For this project, flow cytometry was chosen as the best option for estimating
genome sizes due to the accessibility of the flow cytometer and the ease of nuclear
suspension preparation. Air drying and staining with Schiff’s reagent, a requirement of
Feulgen analysis, is more time-consuming than the reagents and stains involved in flow
cytometry (Hardie et al. 2002). The flow cytometry protocol in Hare and Johnston
(2011) requires preparation of a nuclear isolation buffer and a PI stain, whereas Feulgen
protocols necessitate the formulation of the staining reagent and the drying reagents for
tissue dehydration before fixation on microscope slides (Hardie et al. 2002). Preparation
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of nuclear suspensions for flow cytometry can be done quickly, so large numbers of
samples can be produced in a short time frame. For these reasons, flow cytometry was
chosen as the method to estimate genome sizes for the marine invertebrates included in
this project.

Objectives
The goals of this thesis were to:
1. provide proof-of-principle by developing the best methods for determining
genome sizes of understudied marine taxa.
2. determine genome sizes of previously unquantified marine invertebrates
using a standard flow cytometry protocol (N>20 species, >5 phyla);
3. adapt or modify flow cytometry preparation (i.e., tissue homogenization)
methods for the specific taxa studied;
4. provide genomics collaborators with potential cost-effective candidates for
sequencing, and
5. provide genomics researchers with optimized tissue preservation and
genome size estimation by flow cytometry protocols.

Methods
Species Selection
The optimal set of organisms would have included several species from a range of
invertebrate phyla to obtain relatively wide taxonomic representation (Rees et al. 2007).
However, collection logistics and availability of adequately preserved samples limited the
breadth of taxonomic representation. Specific taxa were emphasized according to criteria
that closely reflected the protocol outlined in GIGA COS (2014; 2017). Ecologically
important species provide valuable ecosystem services (e.g., detritivory, herbivory,
keystone species, filter feeding, etc.). Economically important species have large impacts
on local or regional economies. Previous research and speculation of the potential for
human health advances also factored into species selection. Each criterion was analyzed
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independently, but several species satisfied multiple selection factors and were given
higher priority as a result.
Gregory et al. (2007) documented that the Animal Genome Size Database
(AGSD; Gregory 2006) included 1323 invertebrates at the time the manuscript was
written. Only a small proportion of these species are exclusively marine and have had
their genomes sized by several methods. Species that have been sized by methods other
than flow cytometry and are available for estimation were selected for verification of
accurate size consistencies across quantification methods or to resolve discrepancies in
wide-ranging estimates. Some non-marine species were initially included as potential
standards, but were replaced by available prepared standard nuclei. They were still
included for the sake of reporting new data.

Standard for Relative Genome Size Estimations
Prepared chicken erythrocyte nuclei (CEN) stocks were purchased from
BioSure® (Grass Valley, CA) and stored according to the manufacturer’s instructions.

Sample Acquisition and Preservation
Table 1 lists sample types and preservation methods. Live specimens of Anadara
transversa, Chaetopleura apiculata, and Lunarca ovalis were purchased from the Marine
Biological Laboratory (Woods Hole, MA); tissues were immediately preserved in both
DMSO storage buffer (Seutin et al. 1991) and RNAlater, and stored at 4°C until sample
preparation. (DMSO storage buffer is sometimes referred to as SSDE—saline-saturated
dimethylsulfoxide-ethylenediaminetetraacetic acid (May et al. 2011)). Preserved
Cenometra bella and Himerometra robustipinna in 75% EtOH at room temperature were
obtained from an NSU faculty collection and were stored at -55°C until sample
preparation. Live Cyphoma gibbosum and Oliva sayana were locally collected and
preserved in DMSO storage buffer and RNAlater and stored at 4°C. Acanthopleura
granulata and Sergia splendens were received in RNAlater on ice and stored at 4°C.
Frozen Chiton tuberculatus tissue and Neomenia megatrapezata blood were received on
ice and stored at -80°C. Live Tripneustes gratilla was acquired from a local aquarium

27

and kept in a seawater tank until sperm collection. Live Lumbricus terrestris were sent
from a collaborator (Rob Buchkowski, Yale University) and preserved in DMSO storage
buffer and RNAlater stored at 4°C. Live Danio rerio and Lumbriculus variegatus were
purchased from an aquarium store and preserved in DMSO storage buffer and RNAlater
at 4°C. Preserved Sipunculus nudus and Themiste lageniformis were received in DMSO
storage buffer and RNAlater and stored at 4°C. Preserved Eurythoe complanata and
Hermodice carunculata were received in RNAlater and stored at 4°C.

Table 1. List of species for genome size estimations, including sample type and method
of preservation.
Phylum

Class

Species

Sample Type and
Preservation

Annelida

Polychaeta

Eurythoe complanata
Hermodice carunculata

RNAlater at 4°C

Sipunculus nudus
Themiste lageniformis

DMSO storage buffer and
RNAlater at 4°C

Oligochaeta

Lumbriculus variegatus
Lumbricus terrestris

Live animals preserved in
DMSO storage buffer and
RNAlater at 4°C

Arthropoda

Malacostraca

Sergia splendens

RNAlater at 4°C

Chordata

Teleostei

Danio rerio

Live animals preserved in
DMSO storage buffer and
RNAlater at 4°C

Echinodermata

Crinoidea

Cenometra bella
Himerometra robustipinna

75% EtOH at room
temperature, then stored at
-80°C

Echinoidea

Tripneustes gratilla

Sperm collected from live
specimen

Bivalvia

Anadara transversa
Lunarca ovalis

Live specimens preserved
in DMSO storage buffer
and RNAlater at 4°C

Gastropoda

Cyphoma gibbosum
Oliva sayana

Live specimens preserved
in DMSO storage buffer
and RNAlater at 4°C

Polyplacophora

Acanthopleura granulata

RNAlater at 4°C

Chaetopleura apiculata

Live specimens preserved
in DMSO storage buffer
and RNAlater at 4°C

Chiton tuberculatus

Tissue frozen at -80°C

Mollusca
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Solenogastres

Neomenia megatrapezata

Blood frozen at -80°C

Verification of Nuclear DNA Staining with PI
Chicken erythrocyte nuclei (BioSure®) were used to verify nuclear staining with
PI. Verification of nuclear staining with PI is a necessary preliminary step before
proceeding to flow cytometric analysis. Analysis of PI nuclear permeability was
performed for several species in the early stages of protocol optimization (Fig. 6;
Takeuchi et al. 2012). PI can only permeate the membranes of dead cells and is
selectively prohibited from entering viable membranes (Hegaret et al. 2003). The
majority of the specimens included were preserved and verification of membrane
permeability was not necessary.

Figure 6. PI-stained nuclear suspension of brine shrimp, Artemia sp., under a
fluorescence microscope for verification of PI staining of nuclei (bright orange circle).
Scale bar: 50 μm.

Tissue Preservation
Sample preparation differed among preservation methods employed for tissue
storage. Some published protocols detail specific shortcomings associated with certain
preservation methods, and certain methods may be more suitable for specific tissue types
(Dawson et al. 1998; Lopez 2006; Salgado et al. 2007; Nagy 2010). The generally
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accepted preservation method that yields the most accurate results is storage in a
saturated DMSO-NaCl solution (Dawson et al. 1998), but the wide range of target
taxonomic groups incorporated archived tissues stored in a variety of preservatives.
Samples stored in EtOH have previously been used successfully, but only for short-term
storage before analysis, except in crustaceans (Jeffery and Gregory 2014). Long-term
storage in 70-95% EtOH yields less accurate results and tends to dehydrate and toughen
tissue, making cellular suspensions difficult to produce (Nagy 2010). Tissues from
EtOH-preserved samples used in this study were stored for <4 months and were not
susceptible to dehydration and the resulting rigidity and inflexibility associated with
EtOH preservation. The use of RNAlater as an adequate preservative for marine
invertebrate tissue for genome size estimations was also investigated, as RNAlater is a
common preservative used for RNA and transcriptomic analyses.

Preparation of Nuclear Isolation Buffer and PI
The nuclear isolation buffer, Galbraith buffer, was prepared as described in Hare
and Johnston (2011) to a total volume of 500 mL and stored at 4°C. Galbraith buffer
helps isolate nuclei and strips cytoplasmic contents from the nucleus, while protecting
nuclear membranes and inactivating viable endonucleases when fresh tissues are used
(Dolezel et al. 2005). PI stock powder (Sigma) was suspended in 10 mL sterile water to
a concentration of 1 mg mL-1 and aliquoted into 10 microcentrifuge tubes wrapped in foil
to prevent light degradation and stored at 4°C.

Sample Preparation and Homogenization
*A detailed step-wise protocol is available in Appendix III.
The following protocol served as the standard protocol for most tissues.
Modifications to Sample Preparation and Homogenization (p. 33) indicates altered
methods for particular species.
Selected tissues or whole bodies of organisms from which specific tissues could
not be selected (i.e., <5 mm long) were removed from their preservative and patted dry.
Tissues were washed in deionized water (diH2O) to rinse off excess preservative. Small
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organisms were placed in 100 μm Falcon tube cell strainers for rinsing. Tissues were
patted dry before homogenization to prevent water from diluting the nuclear isolation
buffer.
Tissues were placed in plastic Petri dishes on ice in 500 μL Galbraith buffer.
Sterile scalpel blades were used to finely chop tissues for several minutes while tilting
dishes on an angle to allow buffer to pool. Continuous washing of chopped tissues in the
pooled buffer helps to saturate tissue and maximize the surface area contacting the buffer,
increasing its effectiveness. An additional 500 μL of Galbraith buffer was added to rinse
the dish of any residual tissue on the bottom and sides.
When a fine slurry was produced, homogenate was filtered through 40 μm Falcon
tube cell strainers placed inside 50 mL Falcon tubes to collect flowthrough. The
flowthrough was transferred to 1.7 mL microcentrifuge tubes kept on ice.
Samples were centrifuged at 1000 rpm for one minute and checked for any
observable pellet (i.e., debris). If no pellet was observed (Fig. 7), samples were
centrifuged again at 1000 rpm for one minute. Samples with no pellet after the second
centrifugation were centrifuged at 2000 rpm for 1 min. Resulting supernatants, which
contained the prepared nuclei, were transferred to new microcentrifuge tubes kept on ice.
Tubes containing pellets were not discarded until final nuclear suspensions were
satisfactory. Several rounds of centrifugation and purification were necessary to produce
nuclear suspensions with minimal debris. Due to the differences in purity of tissues
between species, the degree of centrifugation and purification varied substantially.
Secondary purifications involved diluting the sample with an additional 500 μL of
Galbraith buffer, centrifuged at 1000 rpm for 1 min and inspected for a pellet. The
supernatant of pelleted samples were transferred to new microcentrifuge tubes. Nonpelleted samples were centrifuged at 1000 rpm for one minute until a pellet was visible.
This supernatant was transferred to a new microcentrifuge tube and diluted with 500 μL
of Galbraith buffer to produce the final nuclear suspension.
An Olympus compound light microscope was used to inspect nuclear suspensions
for quality. To confirm presence of nuclei and minimal debris, 20 μL of unstained
sample was visualized at 40X magnification (Fig. 8). If the sample was unsatisfactory for
subsequent flow cytometric analysis, additional rounds of centrifugation and purification
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steps were performed until sample quality was satisfactory. Good quality samples were
generally colorless and clear to slightly translucent. Darkly colored and colloidal
suspensions contained high amounts of debris and required additional purification.
Each final sample was split into a 500 μL stained aliquot and the remaining
unstained sample. A consistent quantity of stained sample is important for maintaining
consistent PI concentrations across all species.

Figure 7. Pelleted debris after centrifugation. Nuclei are suspended in the clear
supernatant and are transferred to a new microcentrifuge tube for subsequent purification.

Figure 8. Microscope image of prepared nuclei from the blood ark, L. ovalis preserved in
DMSO storage buffer.
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Modifications to Sample Preparation and Homogenization
i. Lumbriculus variegatus
Five individuals were removed from DMSO storage buffer, rinsed with DI water
in 100 μm Falcon tube cell strainers, and patted dry. Specimens were crushed in 500 μL
Galbraith buffer in a microcentrifuge tube with a polypropylene pellet pestle. An
additional 500 μL Galbraith buffer was added to the suspension and inverted to fully mix
and saturate tissues with buffer. Tissue homogenate was filtered through a 40 μm Falcon
tube cell strainer and flowthrough was collected in a microcentrifuge tube. Nuclei were
isolated and purified with centrifugation.

ii. Lumbricus terrestris
One specimen was removed from RNAlater and a 1 cm-long segment was cut
from the whole specimen. The segment was sliced lengthwise to expose the inner septa
and digestive tract, which was carefully scraped out to prevent tearing of the epidermis.
The segment was repeatedly rinsed to remove digested material until only the clean
epidermis remained without septa and finally dried with laboratory tissue before
proceeding to homogenization.

iii. Tripneustes gratilla
Sperm was collected after aboral injection of 0.5 mL KCl and centrifuged for
removal of seawater. Freshly collected sperm was used without preservative, suspended
in 500 μL Galbraith buffer and mixed. An additional 500 μL Galbraith buffer was added
to dilute sperm concentration before sample processing.

Staining Samples with PI
Before staining, unstained aliquots were secondarily checked for quality with a
microscope at 40X and 100X. If samples were again considered satisfactory, the sample
was stained with 20 μL PI (1 mg mL-1) and kept on ice in a styrofoam cooler with lid to
prevent light degradation.

33

Sample Processing with BD Accuri C6 Flow Cytometer
Before running samples, the Accuri C6 (Fig. 9; BD Biosciences, San Jose, CA)
was turned on and allowed to sit idly for 15 min to warm up and finish start-up processes
(see Appendix IV). The cytometer was cleaned by running distilled water (dH2O)
through the unit at a flow rate of 10 μL min-1 for several minutes. It is common for
events to be recorded during this time as residual fluid from the previous operator
continues to be quantified by the unit. These events were continuously deleted to prevent
data contamination by samples run by the previous operator. Samples were run when
less than 10 events were recorded in the first 10 sec of running dH2O as a contamination
check.
Unstained samples were run before stained samples of the same species. The unit
was backflushed and dH2O was run between species to prevent contamination. New
samples were run when <10 events were recorded in the first 10 sec of running dH2O.
All samples were run at a flow rate of 10 uL min-1.
When the number of events being recorded was low (i.e., <1000 events min-1),
samples were run until >10,000 events were recorded. Samples with a large number of
events were run until the maximum number of events were recorded (i.e., 1,000,000
events per individual sample).
Several data plots were created for each sample. These included side scatter vs.
forward scatter (SSC-A vs. FSC-A), side scatter vs. PI fluorescence (SSC-A vs. FL2-A),
forward scatter vs. PI fluorescence (FSC-A vs. FL2-A), and PI fluorescence of height vs.
PI fluorescence of area (FL2-H vs. FL2-A). Histograms included count vs. FL2-A and
count vs. FL2-H.

Preparation and Staining of Chicken Erythrocyte Nuclei (CEN)
To prepare a suspension of CEN, 1 mL 1X phosphate-buffered saline (PBS) was
aliquoted into a microcentrifuge tube kept on ice. CEN stock (BioSure®) was inverted
several times to mix and two drops were added to the PBS aliquot and mixed. The CEN
sample was divided into two tubes for unstained and stained samples, each containing 0.5
mL. The unstained aliquot was inspected microscopically to verify presence of nuclei.
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Stained aliquots were stained with 20 μL PI and kept on ice in the dark until sample
processing.

Figure 9. BD Accuri C6 Flow Cytometer at Nova Southeastern University's Health
Professions Division used for the project.

Selecting Stained Nuclei from Analysis of Unstained and Stained Data of Test Species
Genome size estimations rely on comparisons between unstained and stained
nuclei to observe the nuclei that have actively taken up PI into nuclear DNA. The
difference in fluorescence emission between unstained and stained nuclei and the
resulting upward shift in intensity is indicative of the uptake of PI in nuclear DNA (Fig.
10). An analysis of the data by plotting the fluorescence intensity of the height (FL2-H)
versus the area (FL2-A) shows distinct nuclear populations that have actively taken up PI
during staining (see Appendix I). These populations are sometimes immediately visible,
but some samples require manipulation of axis ranges and scales to increase clarity.
Flow cytometry standard (.fcs) files for unstained and stained samples were
formatted for biparametric display of fluorescence intensity of the height (FL2-H) versus
the area (FL2-A) of the events recorded in the sample. Analyzing these parameters
shows different nuclear populations based on the amount of bound PI and the resulting
intensity, which yields information about the size of recorded events. A data gate was
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selected around the nuclei in the unstained plot (CGu in Fig. 10) and this gate was
embedded into the stained sample data to visualize the fluorescence shift in the nuclei
that have taken up PI. A new gate enclosing the stained population was created then
formatted as a histogram of FL2-A (see unstained and stained gates in FL2-H vs. FL2-A
plots in Appendix I).

Obtaining Histograms and Estimating Genome Sizes
Histograms of both standard and test species were used to make genome size
estimations. The stained population of nuclei enclosed in its own gate (e.g., CGs gate in
Fig. 10) was formatted as a histogram of FL2-A (Fig. 11). G1 and G2 peaks of the
resulting histogram were bound (e.g. CGsG1 and CGsG2 in Fig. 11) and mean PI
fluorescence values within these gate boundaries were obtained from FlowJo flow
cytometry analysis software for each peak (Fig. 12). Ratios of G2/G1 means were
calculated and confirmed to be ~2 (Table A1 in Appendix I). Mean G1 fluorescence of
the test species was compared with the mean G1 fluorescence of the standard, and
genome size estimations were made using the formula described in Hare and Johnston
(2011; Fig. 12).
In order to interpret flow cytometry data with respect to estimating nuclear DNA
content, it is helpful to understand how the amount of nuclear DNA changes during the
cell cycle. Nuclei in the G1 phase of the cell cycle are diploid (2n) and contain two
copies of the nuclear genome. Nuclei in the G2 phase of the cell cycle are tetraploid (4n)
and contain four copies of the nuclear genome. DNA is replicated in S phase of
interphase, which prepares cells for mitosis and results in two diploid daughter cells. G2
nuclei contain twice as much DNA as G1 nuclei, so the G2/G1 ratio should be close to 2
(Darzynkiewicz et al. 2010).

Analysis of Standard Species for Consistency
Because estimation accuracy depends greatly on the reliability and consistency of
the selected standard, repetitive runs of standards are necessary. The standard used here,
G. domesticus, was run concurrently on the same day as other test samples, in addition to
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being run as a mixed internal standard after the test species’ individual data were
recorded. Maintaining consistency of the standard from sample to sample and across
days in which samples were run greatly increased the confidence of the results.

Figure 10. FL2-H vs. FL2-A data for unstained (left) and stained (right) C. gibbosum
samples. The unstained nuclei gate (CGu) is embedded into the stained sample plot to
visualize the nuclei that have taken up PI (CGs). CGs nuclei are selected to produce
subsequent histograms.

Genomic DNA Extractions for DNA Barcoding
Genomic DNA (gDNA) was extracted from tissue samples using the Invitrogen
PureLink Genomic DNA Mini Kit following the manufacturer’s instructions. gDNA was
eluted with 100 μL PureLink Genomic Elution Buffer before storing eluted gDNA at
-55°C until DNA barcode sequencing (see Appendix II).
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Figure 11. Histograms of C. gibbosum (left) and chicken erythrocyte nuclei (right)
showing the G1 and G2 peaks in each sample. Their respective gates are used to estimate
genome sizes by comparing the mean fluorescence intensity under the G1 peak of the test
species (C. gibbosum) to the mean fluorescence intensity under the G1 peak of the
standard (G. domesticus). The PI fluorescence parameter scale on the X-axis was
modified to increase peak resolution and precision of the gates.

Genome Size𝑡𝑒𝑠𝑡 = Genome Size𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 ∙

fluorescence𝑡𝑒𝑠𝑡
fluorescence𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

Genome Size𝐶.𝑔𝑖𝑏𝑏𝑜𝑠𝑢𝑚 = 1.25 pg ∙

367007
199065

Figure 12. The genome size of a test species is calculated using the ratio of fluorescence
intensity of the test species to the standard (Hare and Johnson 2011). The genome size of
C. gibbosum is calculated by multiplying the standard genome size (1.25 pg) by the ratio
of the mean G1 fluorescence intensities of C. gibbosum (367007) and G. domesticus
(199065), yielding a haploid genome size estimate of 2.3 pg.
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Chapter 2: Nuclear Genome Size Estimations of Marine Invertebrate Taxa Using Flow
Cytometric Analysis
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Abstract
Genomic analysis provides a substantial amount of information on evolutionary
history, how efficiently organisms utilize their genome, and the processes contributing to
genome expansion and shrinkage. Genome size analysis serves as the first step in
sequencing a target genome, because costs to sequence and annotate a genome are
directly correlated with its size. Invertebrates represent the vast majority of faunal
diversity on the planet and, to a greater extent, the marine environment, though they are
vastly understudied in comparison with vertebrate genomics. The present study
emphasized research involving invertebrate genomics. Flow cytometry is a widely used,
reliable, and accurate means of estimating genome sizes and yielded valid measurements
in this comparatively broad taxonomic study. This methodology quantifies genome sizes
by measuring the fluorescent re-emission from nuclei that have been saturated with
DNA-intercalating dyes, such as propidium iodide. Genome sizes of 19 species from
four invertebrate phyla were opportunistically estimated by comparison to the known
genome size of chicken (Gallus domesticus). Twelve estimates reported here are the first
for their species and two crinoid estimates are the first for their class. In addition to
estimating new marine invertebrate genome sizes, analyses of some common
preservation methods on tissue viability were performed. Generally, dimethylsulfoxide
(DMSO)-based storage buffer was most successful at preserving nuclear membrane
integrity, a requirement for flow cytometric genome size estimations. Recommendations
of species eligible for current next-generation sequencing technology (<3.5 Gb) are given
for invertebrate genomicists seeking potential novel species for sequencing.

Keywords: genome size, C-value, invertebrate, propidium iodide, flow cytometry
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Introduction
Genomic analysis provides a substantial amount of information on evolutionary
history (King et al. 2008; Voskoboynik et al. 2013; Pisani et al. 2015; Hjelman and
Johnston 2017; Wang et al. 2017), the genetic foundation of unique biological and
morphological peculiarities (Albertin et al. 2012; 2015; Zhang et al. 2012; Flot et al.
2013), the presence of functioning and extinct genes (Eddy 2012; Voskoboynik et al.
2013), how efficiently organisms utilize their genome (Francis and Worheide 2017), how
genes are regulated and expressed (Brooker and Shaw 2012; Boyle and Rice 2014;
Baumgarten et al. 2015; Dunn and Ryan 2015), gene and protein interactions (Brooker
and Shaw 2012; Zhang et al. 2012), and the processes contributing to genome expansion
and shrinkage (Kidwell 2002). Genome sequence data is necessary to answer these and
other similar questions.
Current genomic research focuses primarily on vertebrates with comparatively
little emphasis on invertebrate genomes (Bonnivard et al. 2009; Dufresne and Jeffery
2011; Koepfli et al. 2015; Troudet et al. 2017). Because invertebrates comprise close to
95% of all animal diversity (Dufresne and Jeffery 2011; GIGA COS 2014; 2017), this
paradox should be resolved by focusing more intensely on invertebrates. The ecological,
economic, and biomedical importance of many invertebrates makes them priority species
for whole-genome sequencing to help reveal the genome-based biological characteristics
that make them such important species to these fields (Dawson et al. 1998; van der Wal
et al. 1999; Hurton et al. 2005; Weaver et al. 2010; Zhang et al. 2012; GIGA COS 2014;
2017). For example, a compound extracted from horseshoe crab, Limulus polyphemus,
blood is used by pharmaceutical companies as quality control to ensure their materials are
free from bacterial contamination (Hurton et al. 2005), and the composition of chiton
radular teeth are studied for advancements in industrial and architectural applications
(Weaver et al. 2010).

Genome size and the C-value
Genome size is an intrinsic property of each species and is often reported as a Cvalue, the haploid DNA content of an organism (Vinogradov 1998; Ciudad et al. 2002;
Gregory 2002; Rees et al. 2007; Dufresne and Jeffery 2011; Francis and Worheide 2017).
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Because large variations in C-values exist throughout the Metazoa, genome sizes do not
directly correlate with the complexity of an organism, a phenomenon termed the “Cvalue paradox” (Petrov 2001; Kidwell 2002; Vieira et al. 2002; Rees et al. 2007; Francis
and Worheide 2017). The diversity in C-values across animal groups and the lack of
associated complexity of some larger genomes provide evidence that the proportion of
non-coding DNA also varies considerably among Metazoa. Eukaryotic genomes contain
large amounts of non-coding DNA, and the questions regarding the roles of these noncoding sequences are grouped into the “C-value enigma” (Gregory 2002, 2005; Morand
and Ricklefs 2005; Eddy 2012; Howe et al. 2013; Richards 2015; Francis and Worheide
2017).
Genome size estimates have become an important prerequisite for sequencing a
target genome (Dufresne and Jeffery 2011; Jeffery and Gregory 2014). Attempting to
sequence a large genome or one with a particularly high repetitive DNA content can be
too costly and time-consuming to pursue (Jeffery 2012; Gregory et al. 2013). Genome
size data can also be used to investigate its constancy in some phylogenies to help explain
evolution in specific clades (Alfsnes et al. 2017). Large-scale comparative analysis of
genome size evolution and the mechanisms contributing to genome duplication and
contraction require estimates (Kidwell 2002). Surveys of genome size foster downstream
sequence analysis of the role of non-coding DNA, its evolutionary rate of change, and the
phenotypic effects of its variable proportion within specific genomes and taxa (Dufresne
and Jeffery 2011; Alfsnes et al. 2017).

Using flow cytometry to estimate genome sizes
Current methods for genome size estimations are relatively fast and yield more
accurate data than those used in the past (Vindelov et al. 1983; Vinogradov 1998; Ciudad
et al. 2002; Darzynkiewicz et al. 2010; Franchini et al. 2010; Hare and Johnston 2011).
Flow cytometry is one current method, in which a fluorescent dye stains DNA, and the
resulting fluorescence is quantified as nuclei are passed through a laser (Dolezel et al.
1992; Brown and Wittwer 2000; Hare and Johnston 2011). Using flow cytometry to
estimate genome sizes necessitates the inclusion of a standard against which to compare
species’ genome sizes (Dolezel et al. 1992; Fafandel et al. 2008). New genome size
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estimates can be thus by comparing fluorescence intensity of test and standard species
(Dolezel et al. 1992; Hare and Johnston 2011).
Most genome size studies using flow cytometry as the method for estimation have
focused exclusively on single taxa; few have encompassed a wider taxonomic range
(Chow et al. 1990; Gambi et al. 1997; Gregory and Shorthouse 2003; Stelzer 2011;
Adachi et al. 2013; Jeffery et al. 2013; Jeffery and Gregory 2014). This study includes a
diverse sample set covering four different marine invertebrate phyla.
With vast collections of marine invertebrates in existing archives, it is important
to determine the viability of preserved tissue for both genome size estimation and other
downstream molecular biology applications, such as whole-genome sequencing. Few
studies have analyzed the effect of long-term preservation on invertebrate nuclear DNA
to investigate degradation in various preservatives (Dawson et al. 1998; Nagy 2010).
Traditionally, protocols for storage of tissue intended for DNA analysis involve freezing,
but freezer space can be limited, especially for larger collections. This project analyzed
differences in genome size data from tissues in the context of a variety of preservation
methods and taxa.
In order to interpret flow cytometry data with respect to estimating nuclear DNA
content, an understanding of the changes that nuclear DNA undergoes during the cell
cycle is helpful. Nuclei in the G1 phase of the cell cycle are diploid (2n) and contain two
copies of the nuclear genome. Nuclei in the G2 phase of the cell cycle are tetraploid (4n)
and contain four copies of the nuclear genome. DNA is replicated in S phase of
interphase, which prepares cells for mitosis and results in two diploid daughter cells.
Thus, G2 nuclei contain twice as much DNA as G1 nuclei, so the G2/G1 ratio should be
close to 2 (Darzynkiewicz et al. 2010).
Our results confirm that flow cytometry continues to be a robust method for
genome size estimations, even when applied to a wide range of understudied marine
invertebrate species. Applying the adapted method presented here, we successfully
isolated nuclei from preserved specimens spanning five phyla and obtained 12 new
genome size estimates, in addition to corroborating existing estimates for seven species.
Moreover, the preservatives employed for tissue storage in this study confirm their ability
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to adequately protect nuclear membranes from deterioration, a requirement of flow
cytometric estimations of nuclear DNA content.

Material and Methods
Sample collection
Table 2 lists sample types, preservation methods, and specimen source for each
species included in this study.

Table 2. List of species for genome size estimations, including sample type, preservation
method, and specimen source.
Phylum

Class

Species

Sample Type
and
Preservation

Source

Annelida

Polychaeta

Eurythoe complanata
Hermodice carunculata

RNAlater at 4°C

A. Schulze
C. Grimes

Sipunculus nudus
Themiste lageniformis

DMSO storage
buffer and
RNAlater at 4°C
Live animals
preserved in
DMSO storage
buffer and
RNAlater at 4°C

M. Boyle

Lumbricus terrestris

Live animals
preserved in
DMSO storage
buffer and
RNAlater at 4°C

R. Buchkowski

H. BrackenGrissom
Pet store

Oligochaeta

Lumbriculus variegatus

Pet store

Arthropoda

Malacostraca

Sergia splendens

RNAlater at 4°C

Chordata

Teleostei

Danio rerio

Live animals
preserved in
DMSO storage
buffer and
RNAlater at 4°C

Echinodermata

Crinoidea

Cenometra bella
Himerometra robustipinna

75% EtOH at
room
temperature,
then stored at 80°C

C. Messing

Echinoidea

Tripneustes gratilla

Sperm collected
from live
specimen

Local aquarium
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Mollusca

Bivalvia

Anadara transversa
Lunarca ovalis

Live specimens
preserved in
DMSO storage
buffer and
RNAlater at 4°C

Marine
Biological
Laboratory
(Woods Hole,
MA)

Gastropoda

Cyphoma gibbosum

Live specimen
preserved in
DMSO storage
buffer and
RNAlater at 4°C

Locally
collected by J.
Lopez

Oliva sayana

Live specimen
preserved in
DMSO storage
buffer and
RNAlater at 4°C

Pet store

Acanthopleura granulata

RNAlater at 4°C

A. Kingston

Chaetopleura apiculata

Live specimens
preserved in
DMSO storage
buffer and
RNAlater at 4°C

Marine
Biological
Laboratory
(Woods Hole,
MA)

Chiton tuberculatus

Tissue frozen at 80°C
Blood frozen at 80°C

K. Kocot

Polyplacophora

Solenogastres

Neomenia megatrapezata

K. Kocot

Tissue homogenization
Tissue homogenization followed the protocol of Bonnivard et al. (2009), with
some modifications for specific species (see below). Tissues or whole bodies (organisms
< 10 mm) were removed from preservative, rinsed with dH2O, and dried and chopped on
ice in 1 mL Galbraith buffer [4.26 g MgCl2, 4.2 g MOPS, 1 mL Triton X-100, 1 mg
boiled RNase A in 1 L ddH2O] (Galbraith et al. 1983; Hare and Johnston 2011). Fine
homogenates were filtered through 40-μm cell strainers, and the flowthrough was
collected in microcentrifuge tubes.
Filtered homogenates were brought to ~ 1.5 mL with Galbraith buffer, mixed, and
centrifuged at 2,000 rpm for 2 min. Supernatant containing nuclei was transferred to new
microcentrifuge tubes, volume brought up to ~ 1.5 mL with Galbraith buffer, mixed, and
centrifuged at 2,000 rpm for 2 min. Supernatant was then transferred to new
microcentrifuge tubes. Final suspensions were split into unstained and stained aliquots:
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500 μL of stained sample was stained with 20 μL PI (1 mg mL-1) and allowed to incubate
on ice in the dark for at least 1 hr.

Modifications to sample preparation and homogenization
i. Lumbriculus variegatus
Five individuals were removed from DMSO storage buffer, rinsed with deionized
water in a 100-μm Falcon tube cell strainer, and patted dry. Specimens were crushed in
500 μL Galbraith buffer in a microcentrifuge tube with a polypropylene pellet pestle. An
additional 500 μL Galbraith buffer was added to the suspension and inverted to fully mix
and saturate tissues with buffer. Tissue homogenate was filtered through a 40-μm Falcon
tube cell strainer, and flowthrough was collected in a microcentrifuge tube. Nuclei were
isolated and purified with centrifugation.

ii. Lumbricus terrestris
A single specimen was removed from RNAlater and a 1 cm-long segment was cut
from the whole specimen. The segment was sliced lengthwise to expose the inner septa
and digestive tract, which were carefully scraped out to avoid tearing of the epidermis.
The segment was repeatedly rinsed to remove digested material until only the clean
epidermis remained without septa, and finally dried with laboratory tissue before
homogenization.

iii. Tripneustes gratilla
Sperm was collected after aboral injection of 0.5 mL KCl and centrifuged for
removal of seawater. Freshly collected sperm was analyzed without preservative,
suspended in 500 μL Galbraith buffer and mixed. An additional 500 μL Galbraith buffer
was added to dilute sperm concentration before sample processing.
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Sample processing
Samples were processed on an Accuri C6 flow cytometer (BD Biosciences, San
Jose, CA) at Nova Southeastern University in Davie, Florida. The cytometer was cleaned
by running distilled water (dH2O) through the unit at a flow rate of 10 μL min-1 for
several minutes. This flow rate was maintained for all samples. Samples were analyzed
when less than 10 events were recorded in the first 10 sec of running dH2O as a
contamination check.
Unstained samples were analyzed prior to stained samples of the same species.
The unit was backflushed and dH2O was run between species to prevent contamination.
New samples were run when <10 events were recorded in the first 10 sec of running
dH2O. A minimum of 1,000 events was recorded per sample, though most samples
yielded more events.

Producing histograms and estimating genome sizes
Flow cytometry standard (.fcs) files for unstained and stained samples were
formatted for biparametric display of fluorescence intensity of the height (FL2-H) versus
the area (FL2-A) of the events recorded in each sample. Analyzing these parameters
shows different nuclear populations based on the amount of bound PI and the resulting
intensity, which yields information about the size of recorded events. A data gate was
selected around the nuclei in the unstained plot, and this gate was embedded into the
stained sample data to visualize the fluorescence shift in the nuclei that took up PI. A
new gate enclosing the stained population was created and then formatted as a histogram
of FL2-A.
Histograms of both standard and test species were used to estimate genome size.
The stained population of nuclei enclosed in its own gate (e.g., CGs gate in Fig. 13) was
formatted as a histogram of FL2-A (Fig. 14). G1 and G2 peaks of the resulting histogram
were bound (e.g. CGsG1 and CGsG2 in Fig. 14), and mean PI fluorescence was obtained
from FlowJo flow cytometry analysis software for these gates around each peak. Ratios
of G2/G1 means were calculated and confirmed to be ~2. Mean G1 fluorescence of the
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test species was compared with the mean G1 fluorescence of the standard and genome
size was estimated using the formula described in Hare and Johnston (2011).

Figure 13. FL2-H vs. FL2-A data for unstained (left) and stained (right) C. gibbosum
samples. The unstained nuclei gate (CGu) is embedded into the stained sample plot to
visualize the nuclei that took up PI (CGs). CGs nuclei were selected to produce
subsequent histograms.

Figure 14. Histograms of C. gibbosum (left) and chicken erythrocyte nuclei (right)
showing the G1 and G2 peaks in each sample. Their respective gates are used to estimate
genome sizes by comparing the mean fluorescence intensity under the G1 peak of the test
species (C. gibbosum) to that under the G1 peak of the standard (G. domesticus). The PI
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fluorescence parameter scale on the X-axis was modified to increase peak resolution and
precision of the gates.

Results
Genome size estimates
Genome size estimates were obtained for 19 species and ranged from 0.35 to 6.11
pg (Table 3, Fig. 15). Several species have existing genome size data, but their inclusion
was necessary to resolve discrepancies in wide-ranging estimates resulting from the
method, tissue, or standard used.

Table 3. Haploid (1C) genome size estimates of 19 species included in this project.
Phylum

Class

Species

Annelida

Polychaeta

Eurythoe complanata
Hermodice carunculata
Sipunculus nudus
Themiste lageniformis

4.99
4.08
2.29
2.14

Oligochaeta

Lumbriculus variegatus
Lumbricus terrestris

6.11
2.15

Arthropoda

Malacostraca

Sergia splendens

4.81

Chordata

Teleostei

Danio rerio

2.13

Echinodermata

Crinoidea

Cenometra bella
Himerometra robustipinna

0.38
0.48

Echinoidea

Tripneustes gratilla

1.27

Bivalvia

Anadara transversa
Lunarca ovalis

0.88
0.71

Gastropoda

Cyphoma gibbosum
Oliva sayana

2.30
3.43

Polyplacophora

Acanthopleura granulata
Chaetopleura apiculata
Chiton tuberculatus

0.76
1.39
1.53

Solenogastres

Neomenia megatrapezata

0.35

Mollusca
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C-value (pg)

Figure 15. Genome size estimates for species included in this study showing the diversity
of represented phyla. Species are abbreviated on the X-axis as the first letters of the
species name (i.e., TL = Themiste lageniformis).

Fig. 16 shows the linear correlation between C-values and the mean fluorescence
ratio between test and standard species. Greater nuclear fluorescence intensity in test
species reflects a larger genome relative to the fluorescent emission from nuclei of the
standard (G. domesticus). Ratios larger and smaller than 1.0 indicate that a test species’
genome size is larger or smaller, respectively, than the standard.
Fig. 17 shows C-value variation across the five phyla. Means and variances of Cvalues for each phylum are: Annelida (𝑥̅ = 3.626667 pg, s2 = 2.881707), Echinodermata
(𝑥̅ = 0.71 pg, s2 = 0.2377), and Mollusca (𝑥̅ = 1.41875 pg, s2 = 1.029098). The red line in
Fig. 17 marks the size of the human genome and the current status of sequencing
technology. Genomes <3.5 pg can be easily sequenced and annotated without being costprohibitive.
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Figure 16. Scatterplot of linearity of C-values vs. mean fluorescence ratio of test species
to standard. Higher ratios correlated with larger genome sizes, because a larger amount
of PI bound to nuclear DNA generates greater fluorescence intensity.

Figure 17. Variation in genome sizes across phyla. The red line denotes the size of the
human genome, the capacity of current sequencing technology, and the high end of
sequencing and annotation costs.
51

Sample preparation and challenges
The annelids, mollusks (except O. sayana and the polyplacophorans), and T.
gratilla were the easiest specimens to homogenize into nuclear suspensions and produce
good histograms for estimation. S. splendens was the only one of five crustaceans that
yielded quality histograms. The gastropods required analyses of specific internal tissues
and their resulting data to determine the best tissues for homogenization. The remaining
samples required multiple rounds of analyses with slight modifications to the Bonnivard
et al. (2009) protocol to produce suspensions and histograms suitable for genome size
estimations.

Discussion
This methods-intensive project verified standard protocols on novel species,
which in turn reflected the phylogenetic diversity represented by marine invertebrates.
Although including species of all marine invertebrate phyla was beyond the scope of this
study, the inclusion of five phyla made it a fairly diverse sample set. Genome size
studies targeting multiple phyla are uncommon due to inaccessibility of sampling habitat
or collections that lack sufficient samples. Most surveys of metazoan genome sizes have
usually focused on a specific taxon or group (Chow et al. 1990; Gambi et al. 1997;
Gregory and Shorthouse 2003; Stelzer 2011; Adachi et al. 2013; Jeffery et al. 2013; Ellis
et al. 2014; Jeffery and Gregory 2014), although a few have encompassed a broader
taxonomic breadth (Gregory et al. 2000; Fafandel et al. 2008; Bonnivard et al. 2009).
Expanding the number of estimates in each of the represented phyla is an exciting
endeavor for future genome size research. Major limitations for the inclusion of rare
phyla in genome size studies include insufficient or inaccessible collections or habitats,
poorly preserved specimens, or a poor understanding of the biology of the target
organisms. The large variation and difficulty in sample processing found here is
evidence that uncommon phyla may require more analysis of their biology before
genome size estimates can be made.
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Tissue preservation: A potential limitation to large-scale genome size estimations
Finding tissue samples in appropriate preservatives is an important prerequisite
for estimating nuclear DNA content (Dawson et al. 1998). The preservative, duration of
storage, and storage temperature must be considered when selecting samples. Frozen
tissue was not satisfactory across all species in this sample set, regardless of whether
tissue was fixed in preservative beforehand (e.g., aplacophoran and scaphopod tissue in
RNAlater, then stored at -80°C).

Ethylenediaminetetraacetic acid (EDTA)
Tissues not treated with nuclease inhibitors exhibit rapid DNA degradation
(Dawson et al. 1998). The inclusion of ethylenediaminetetraacetic acid (EDTA) was a
common factor in both the DMSO storage buffer and RNAlater and the success of these
tissues suggests that EDTA plays an important role in maintenance of nuclear structural
integrity. EDTA acts as a metal chelator, binding the free cations (Ca2+, Mg2+, Mn2+) that
nucleases require to degrade nucleic acids (Seutin et al. 1991; Dawson et al. 1998; ElAshram et al. 2016). Ethanol storage was less successful for preserving tissue softness
across a majority of species, and consequently, lower nuclear yields were common in
these samples (Fig. 18), which reflects similar conclusions made by Dawson et al. (1998)
and Jeffery and Gregory (2014). Tissues with low nuclease content are necessary to
produce a final nuclear suspension with as little nucleic acid degradation as possible,
though EDTA prohibits further degradation after preservation. Avoiding such tissues
prevents ambiguity in the results, a priority in sample preparation.
Tissues stored in DMSO storage buffer were more successful across a wide range
of species compared with those stored in RNAlater, determined by tissue softness and
resulting nuclear yield. For flow cytometry specifically, maintaining nuclear membrane
integrity is more important than stabilizing DNA (Dolezel and Bartos 2005). Successful
preparation of nuclear suspensions from tissues stored in DMSO storage buffer and
RNAlater kept at 4°C show that these preservation protocols are sufficient to maintain
nuclear membrane integrity. An investigation into a temperature threshold at which
samples can be kept for successful isolation of whole nuclei and other molecular biology
applications would be useful.
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Ethanol preservation
Most tissues preserved in ethanol did not yield quality histograms for estimation,
a conclusion that Jeffery et al. arrived at for some sponges (2013; Fig. 18). The crinoids,
C. bella and H. robustipinna, were exceptions. These specimens were originally stored
in 75% ethanol at room temperature, then stored at -55°C for several years before flow
cytometric processing. Collections with ethanol-preserved crinoids may be a valuable
resource for new genome size estimates for this group of relatively understudied
echinoderms. Viability of ethanol-preserved crinoids and other echinoderms may be
time-dependent, with long preservation resulting in poor nuclear membrane integrity, but
this has yet to be analyzed. Genome sizes have been estimated for other ethanolpreserved invertebrates, including oysters in 75% EtOH (Yang et al. 2000) and sponges
(Jeffery et al. 2013), although EtOH is not a recommended preservative for specimens
intended for genome size estimation (Jeffery and Gregory 2014). The problem of
obtaining nuclei from EtOH-preserved soft tissues experienced here reflects similar
conclusions made by Nagy (2010) and Jeffery and Gregory (2014), suggesting that EtOH
tends to dry out tissues and renders them suboptimal for preparation of nuclear
suspensions. Some groups, such as photosynthetic cyanobacteria, exhibit time-dependent
changes in flow cytometric data in certain preservatives (Sato et al. 2006). More timeseries data would be valuable in determining the time frame for tissue processing to
prevent deterioration before useful genome size data can be obtained from these samples.

DMSO storage buffer and RNAlater
The remaining tissues preserved in either DMSO storage buffer or RNAlater both
successfully yielded whole nuclei suitable for flow cytometric analysis, but DMSO
storage buffer was more successful at producing suspensions with high nuclear yield and
conspicuously stained nuclear populations in the resulting data across a wider range of
taxa. Tissues stored at 4°C in these preservatives were the easiest to homogenize and
obtain nuclear suspensions. Compared to ethanol preservation, tissues stored in DMSO
storage buffer and RNAlater were softer, more flexible, and easier to homogenize into
suspensions with equivalent effort. These samples required shorter homogenization and
total preparation times for flow cytometric analyses including multiple samples. Shorter
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preparation times are especially advantageous when processing a large number of
samples. These results support Dawson et al. (1998), who reported that DMSO-NaCl
buffers were the best preservatives for a wide range of marine invertebrate tissues.
However, RNAlater can be an additional suitable preservative for marine invertebrate
tissue with future genome size and RNA-related analyses.
Fresh sperm extracted from T. gratilla was the only sample that used gametes as
the starting cell type. The preparation of this nuclear suspension was the least intensive
and required no physical homogenization of tissue. Because sperm is a relatively pure
cell population and a naturally occurring homogeneous suspension, it requires little effort
to dissociate cells (compared to tissues), has high nuclear concentrations, eliminates data
complications as a result of somatic endopolyploidy (Gregory 2005a), and easily remains
a suspension with little aggregate formation. Thus, sperm is a suitable starting cell
population for genome size estimations and may be considered over other cell types when
accessible (Raff et al. 1990). Sperm has been used as the cell type for estimations of
other marine invertebrates, such as Mytilus galloprovincialis (Elston et al. 1990; Fafandel
et al. 2008), Strongylocentrotus purpuratus (Hinegardner 1968), Oikopleura dioica (Seo
et al. 2001), Pinctada fucata (Takeuchi et al. 2012), and Acropora digitifera (Shinzato et
al. 2011).
The bivalves, Anadara transversa and Lunarca ovalis, yielded the highest quality
histograms with the least homogenization intensity. Bivalve soft tissue responded well to
preservation in both DMSO storage buffer and RNAlater at 4°C and both should be
considered viable preservatives for genome size estimations. Blood collected from L.
ovalis and fixed in DMSO storage buffer at 4°C did not yield a histogram similar to the
tissue sample, which suggests that nuclear suspensions cannot be prepared from bivalve
blood fixed in DMSO storage buffer at 4°C.
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Figure 18. Data of PI-stained nuclear suspensions (left) and histograms (right) of EtOH
and DMSO-preserved C. gibbosum. No conspicuous populations of stained nuclei are
observed in the EtOH sample and the corresponding histogram does not show a
proportion of PI-stained nuclei, which are both evident in the DMSO sample (red circle
and red box).

New estimates and genome sequencing prospects
Twelve estimates made here are the first for their species (A. transversa, C. bella,
C. gibbosum, E. complanata, H. carunculata, H. robustipinna, L. ovalis, N.
megatrapezata, O. sayana, S. splendens, S. nudus, T. gratilla). These new estimates have
expanded the existing genome size representation in their respective phyla. Nine of these
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estimates lie beneath the cost-effective threshold for current NGS technology and should
be prioritized for sequencing projects in the near future. The remaining estimates exceed
this threshold and genome projects involving these organisms should be delayed until the
time and costs associated with sequencing and annotation are reduced.

Annelida
The data reported for E. complanata and H. carunculata represent the second and
third genome size estimates for amphinomid polychaetes. These are focal organisms for
studying regeneration and the biological compound, complanine, and its role in signal
transduction pathways (Mayer et al. 2013; GIGA COS 2014; Schulze et al. 2017). The
single amphinomid in the AGSD, Linopherus ambigua, has a genome size estimate of 2.4
pg, quantified by Feulgen densitometry, which is less than half the size of the E.
complanata estimate (4.99 pg) and about 60% of the H. carunculata estimate (4.08 pg).
Both of these estimates are larger than the capacity and affordability of current
sequencing and annotation costs and thus, not suggested as candidates for whole genome
sequencing.
Sipunculans are important model organisms for studying spiralian development
and evolution of annelid segmentation (Kristof et al. 2011; Boyle and Rice 2014). This
estimate for S. nudus represents the first for the species and the second for the phylum.
The single sipunculan in the AGSD, T. lageniformis, has a genome size nearly 1 pg
smaller than this reported estimate for S. nudus. Based on this estimate, S. nudus is a
good candidate for whole genome sequencing in the near future and the resulting
genomic data would be useful for increasing our understanding of this understudied
phylum.

Arthropoda
This estimate for S. splendens is the first for the species. Species in the genus
Sergia are important pelagic crustaceans linking trophic levels in marine food webs
(Jeffery 2012). This data reported for S. splendens expands on the genome size data
obtained by Jeffery (2012) for polar krill species estimated by both flow cytometry and
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Feulgen image analysis densitometry. An estimate of 4.81 pg makes S. splendens a poor
candidate for current whole genome sequencing projects.

Echinodermata
The echinoderm estimates included two crinoids (C. bella, H. robustipinna), the
first estimates of their class, and an echinoid (T. gratilla), the first for the species.
Crinoids are essentially non-existent in genome size surveys, which is counterintuitive
because of their extensive fossil record (Roux et al. 2013), status as basal echinoderms
(Cohen et al. 2004), and deuterostome mode of development (Kondo and Akasaka 2012).
Echinoids are better represented in the AGSD, with several urchins spanning multiple
genera. The estimate made for T. gratilla (1.27 pg) lies in close proximity to the single
congener in the database, T. esculentus (1.10 pg), which also used sperm as the cell type.
All three of these estimates are suitably sized for whole genome sequencing projects in
the near future and should be prioritized to gain a better understanding of deuterostome
genomics.

Mollusca
The molluscs represent the most speciose phylum in this project. Recent
molluscan genomic analyses have permitted a deeper look into the phylogeny and
revealed peculiar genes responsible for several diagnostic molluscan characters (Kocot et
al. 2011; Albertin et al. 2012; 2015). Five molluscan estimates reported here are the first
for their species (A. transversa, C. gibbosum, L. ovalis, N. megatrapezata, and O.
sayana). The estimates for A. transversa and N. megatrapezata are the second for their
respective genera. The 0.35 pg estimate for N. megatrapezata is in good agreement with
its congener in the database, N. permagna (0.30 pg). However, the A. transversa estimate
is nearly half that of its congener, A. broughtoni (1.45 pg). With a maximum genome
size estimate here of 3.43 pg for the entire phylum, all molluscs are eligible species for
genome sequencing projects.
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Estimates for previously analyzed species and context of existing data
Annelida
The estimates for L. variegatus and L. terrestris are vary considerably from the
estimates in the AGSD, which were estimated by Feulgen image analysis densitometry.
It is worth noting that the estimates in the AGSD used Eisenia fetida (0.70 pg) as the
standard for estimation, which is considerably different than chicken (1.25 pg).
The estimate for T. lageniformis (2.14 pg) varies considerably from the estimate
in the AGSD (1.28 pg) estimated by Feulgen image analysis densitometry. Both
estimates used chicken as the standard, but the Feulgen estimation analyzed
coelomocytes, whereas this flow cytometric estimate used whole larva. Interestingly,
both sipunculans analyzed here have similar genome size estimates, only differing by
0.15 pg.

Chordata
The inclusion of D. rerio was intended for use as a standard, but prepared
standards were purchased for convenience. The 2.13 pg estimate here is in good
agreement with the flow cytometry estimate in the AGSD that also used chicken as a
standard. This estimate for D. rerio was included for the sake of reporting new data and
confirmation of accurate estimation with a previously sized standard.

Mollusca
Of the remaining three molluscan estimates, two are in agreement with previous
estimations (A. granulata, C. apiculata). The estimate for C. tuberculatus reported here
(1.53 pg) is considerably different from the estimate in the AGSD (0.63 pg), which was
quantified using sperm and Feulgen densitometry as the estimation method.

Next steps for marine invertebrate genome size surveys
This study indicates that surveys of marine invertebrate genome sizes can be
rapidly completed with preserved tissue collections. Expanding the datasets for each of
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the phyla represented here, in addition to increasing the phylogenetic breadth of the
Animal Genome Size Database, should be a priority for future sequencing projects.
Genome sizes of large archived collections should be surveyed ahead of new sampling to
determine the number of preserved specimens that can be used for future sequencing
projects. Initiatives that focus on invertebrate archival and cataloging for research
purposes, such as the Ocean Genome Legacy (https://www.northeastern.edu/ogl/), greatly
facilitate access to understudied taxa and are a great resource for similar genomic
projects.
Sharing new invertebrate genome size estimates with collaborators will reduce the
likelihood that research efforts will be duplicated (GIGA COS 2014; 2017). Personal
communication and database reporting (Animal Genome Size Database,
http://genomesize.com/index.php) of new estimates should be emphasized, as this can
both facilitate new collaborative efforts and inform researchers about potential species
eligible for modern sequencing projects.
Declining sequencing costs and the large number of understudied marine
invertebrate taxa create an exciting field for marine invertebrate genomics (Riesgo et al.
2012; GIGA COS 2017). Continuous progress towards a larger database of marine
invertebrates is easier now than ever given available technology. Focusing on archived
specimens can reduce impacts to vulnerable populations and habitats that may already be
experiencing anthropogenic stress, and can direct funding to sequencing and annotation,
instead of sampling (Dunn and Ryan 2015).
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Discussion
The current genome size study presents estimates for 19 species covering five
phyla, 12 of which are the first estimates for their species. This methods-intensive
project reflected the phylogenetic diversity represented by marine invertebrates (GIGA
COS 2014; Mulligan et al. 2014). This project focused on development of robust
methods and proof-of-principle to obtain genome size estimates from a diverse sample set
of preserved marine invertebrates. Genome size studies including multiple phyla are
uncommon, due to inaccessibility of sampling habitat, collections that lack sufficient
samples, and single taxon studies require less protocol modifications. Most surveys of
metazoan genome sizes usually focus on a specific taxon (Chow et al. 1990; Gambi et al.
1997; Gregory and Shorthouse 2003; Stelzer 2011; Adachi et al. 2013; Jeffery et al.
2013; Ellis et al. 2014; Jeffery and Gregory 2014), but few encompass a larger taxonomic
breadth (Gregory et al. 2000; Fafandel et al. 2008; Bonnivard et al. 2009). Five phyla
were included in this study, making it a fairly diverse sample set. Major limitations for
the inclusion of rare phyla in genome size studies are insufficient or inaccessible
collections or habitats, poorly preserved specimens, or a poor understanding of the
biology of the target organisms, which necessitates extensive individualized analysis of
the homogenization protocol for each of these organisms. The large variation and
difficulties in sample processing experienced in this project is evidence that uncommon
phyla or organisms may require more analysis into their biology and physiology before
genome size estimates can be made.

Contextualizing These Data with Data from the Animal Genome Size Database
To place this data in context of previous genome size estimations in the AGSD,
the largest represented phylum here, the Mollusca, was compared to the molluscan
genome size data in the database. This analysis compared the 74 molluscan genome size
estimates made by flow cytometry in the AGSD with eight estimates from this project
(Fig. 19). The mean molluscan C-value estimates were 1.76 pg (s2 = 0.69 pg) for AGSD
species and 1.42 pg (s2 = 1.03 pg) for species in this project (Fig. 20).

67

Figure 19. Comparison of molluscan C-value estimates made by flow cytometry between
the Animal Genome Size Database (AGSD) and data reported in this project.

Figure 20. Variation between molluscan C-value estimates made by flow cytometry
between the Animal Genome Size Database (AGSD) and data reported in this project.
After unsuccessful attempts to transform the data for normality and homogeneity
of variances (see Appendix V), a non-parametric two-tailed Mann-Whitney Wilcoxon test
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found that the AGSD and thesis means did not differ significantly (p = 0.2014). This
result suggests that the estimates made here are comparable to the existing molluscan
genome size estimates obtained by flow cytometry in the AGSD.
A similar comparison of annelid estimates was analyzed (Fig. 21). A total of 15
estimates from the AGSD were compared to the six estimates made here. The mean
annelid C-value estimates were 1.50 pg (s2 = 1.05 pg) for AGSD species and 3.63 pg (s2
= 2.88 pg) for species in this project (Fig. 22). After transforming both datasets to satisfy
the parametric assumptions of normality and homogeneity of variances (see Appendix V),
a t-test revealed that the means of the two datasets were significantly different (p =
0.002). There are considerably fewer AGSD estimates in this analysis compared to the
molluscan survey, so sampling bias may have influenced this result and increased
taxonomic sampling and newer data could reveal that this statistical difference may not
reflect the true variation in annelid genome sizes.

Figure 21. Comparison of annelid C-value estimates made by flow cytometry between
the Animal Genome Size Database (AGSD) and data reported in this project.
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Figure 22. Variation between annelid C-value estimates made by flow cytometry
between the Animal Genome Size Database (AGSD) and data reported in this project.

Tissue Preservation
Placing tissue samples in appropriate preservatives is an important prerequisite for
estimating nuclear DNA content when the specimens are not intended for immediate
analysis (Dawson et al. 1998). The preservative, duration of storage, and storage
temperature must be considered when selecting samples, as seen in Table 4. In our
experience, frozen tissue was not usable for all species in this sample set, even if it was
fixed in preservative beforehand (e.g. aplacophoran and scaphopod tissue in RNAlater,
then stored at -80°C). The exceptions were frozen samples of C. tuberculatus (tissue)
and N. megatrapezata (blood) that were used successfully to obtain genome size
estimates for these species (Table 4).
Tissues that have not been treated with nuclease inhibitors exhibit rapid DNA
degradation (Dawson et al. 1998). Both tissue preservatives used successfully in this
study (DMSO storage buffer and RNAlater) included ethylenediaminetetraacetic acid.
EDTA acts as a metal chelator, binding free cations (Ca2+, Mg2+, Mn2+) that nucleases
require to degrade nucleic acids (Seutin et al. 1991; Dawson et al. 1998; Dolezel and
Bartos 2005; El-Ashram et al. 2016). Ethanol storage was less successful for preserving
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tissue softness across a majority of species and rubbery, dehydrated tissue was a common
observation with these samples, reflecting similar conclusions by Dawson et al. (1998)
and Jeffery and Gregory (2014). Tissues with low nuclease content are necessary to
produce a final nuclear suspension with as little nucleic acid degradation as possible
(Hare and Johnston 2011), though the presence of EDTA prohibits further degradation
after preservation. Avoiding tissues with high nuclease concentrations prevents
ambiguity in the results and must be given importance in sample preparation.

Table 4. Sample type and preservation method for each species' genome size estimate.
Phylum

Class

Species

Sample Type and Preservation

Annelida

Polychaeta

Eurythoe complanata
Hermodice carunculata

RNAlater at 4°C

Sipunculus nudus
Themiste lageniformis

DMSO storage buffer and RNAlater
at 4°C

Oligochaeta

Lumbriculus variegatus
Lumbricus terrestris

Live animals preserved in DMSO
storage buffer and RNAlater at 4°C

Arthropoda

Malacostraca

Sergia splendens

RNAlater at 4°C

Chordata

Teleostei

Danio rerio

Live animals preserved in DMSO
storage buffer and RNAlater at 4°C

Echinodermata

Crinoidea

Cenometra bella
Himerometra robustipinna

75% EtOH at room temperature,
then stored at -80°C

Echinoidea

Tripneustes gratilla

Sperm collected from live specimen

Bivalvia

Anadara transversa
Lunarca ovalis

Live specimens preserved in DMSO
storage buffer and RNAlater at 4°C

Gastropoda

Cyphoma gibbosum

Live specimen preserved in DMSO
storage buffer and RNAlater at 4°C

Oliva sayana

Live specimen preserved in DMSO
storage buffer and RNAlater at 4°C

Acanthopleura granulata

RNAlater at 4°C

Chaetopleura apiculata

Live specimens preserved in DMSO
storage buffer and RNAlater at 4°C

Chiton tuberculatus

Tissue frozen at -80°C

Neomenia megatrapezata

Blood frozen at -80°C

Mollusca

Polyplacophora

Solenogastres
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Tissues that have not been treated with nuclease inhibitors exhibit rapid DNA
degradation (Dawson et al. 1998). Both tissue preservatives used successfully in this
study (DMSO storage buffer and RNAlater) included ethylenediaminetetraacetic acid.
EDTA acts as a metal chelator, binding free cations (Ca2+, Mg2+, Mn2+) that nucleases
require to degrade nucleic acids (Seutin et al. 1991; Dawson et al. 1998; Dolezel and
Bartos 2005; El-Ashram et al. 2016). Ethanol storage was less successful for preserving
tissue softness across a majority of species and rubbery, dehydrated tissue was a common
observation with these samples, reflecting similar conclusions by Dawson et al. (1998)
and Jeffery and Gregory (2014). Tissues with low nuclease content are necessary to
produce a final nuclear suspension with as little nucleic acid degradation as possible
(Hare and Johnston 2011), though the presence of EDTA prohibits further degradation
after preservation. Avoiding tissues with high nuclease concentrations prevents
ambiguity in the results and must be given importance in sample preparation.
Tissues stored in DMSO storage buffer were more successful than frozen,
ethanol, or RNAlater across a wide range of species (Table 4). Whole nuclei need to be
passed through a flow cytometer laser for detection of discrete units of DNA. Multiple
unsuccessful attempts at using frozen tissues resulted in broad peaks at low fluorescence
intensities, indicative of large amounts of debris for most species, except for C.
tuberculatus tissue and N. megatrapezata blood (Table 4; Hare and Johnston 2011)
Successful preparation of nuclear suspensions from tissues stored in DMSO storage
buffer and RNAlater kept at 4°C showed that these preservation protocols maintain
nuclear membrane integrity sufficiently. An investigation into a temperature threshold at
which samples can be kept for successful isolation of whole nuclei and other molecular
biology applications would be useful.

Ethanol
Most tissues preserved in EtOH did not yield quality histograms for estimation
(Fig. 23), a conclusion that Jeffery et al. (2013) arrived at for some sponges. Nuclear
yield was noticeably lower for EtOH-preserved C. gibbosum in comparison to DMSO
storage buffer and similar data was observed with other EtOH-preserved samples (Fig.
23). The crinoids, C. bella and H. robustipinna, the first estimates for this echinoderm
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class, were exceptions. These specimens were originally stored in 75% EtOH at room
temperature, then stored at -55°C for several years before flow cytometric processing
(Table 4). Collections with EtOH-preserved crinoids may be a valuable resource for new
genome size estimates for this group of relatively understudied echinoderms. Initial date
of storage is not available for these specimens, so viability of EtOH-preserved crinoids
and other echinoderms may be time-dependent with long preservation resulting in poor
nuclear membrane integrity and difficulty isolating individual nuclei, suggested by
Jeffery and Gregory (2014). Genome size estimates have been made in other EtOHpreserved invertebrates, including oysters in 75% EtOH (Yang et al. 2000) and sponges
(Jeffery et al. 2013), so EtOH remains an optional preservative for some organisms. The
problem of obtaining nuclei from EtOH-preserved soft tissues experienced here reflects
similar conclusions made by Nagy (2010) and Jeffery and Gregory (2014), supporting the
assertion that EtOH dehydrates tissue and render them suboptimal for preparation of
nuclear suspensions. Some groups, such as photosynthetic cyanobacteria, exhibit timedependent changes in FCM data in certain preservatives (Sato et al. 2006). More timeseries data would be valuable in determining the time frame for tissue processing to
prevent deterioration before useful genome size data can be obtained from these samples.
The remaining tissues preserved in either DMSO storage buffer or RNAlater were
both successful in yielding whole nuclei suitable for flow cytometric analysis, but DMSO
storage buffer was more successful across a wider range of taxa (Table 4). Tissues stored
at 4°C in these preservatives were the easiest to homogenize and obtain nuclear
suspensions. Compared with EtOH preservation, tissues stored in DMSO storage buffer
and RNAlater were softer, more flexible, and easier to homogenize into suspensions with
equivalent effort. These samples required shorter homogenization and total preparation
times for analyses including multiple samples. These results support Dawson et al.
(1998), who showed DMSO-NaCl buffers were the best preservatives for a wide range of
marine invertebrate tissue. RNAlater can be an additional suitable preservative for
marine invertebrate tissue for future genome size and RNA-related analyses.
Fresh sperm extracted from T. gratilla was the only sample that used gametes as
the starting cell type (Table 4). The preparation of this nuclear suspension was the least
intensive with no physical homogenization of tissue required. With sperm being a
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relatively pure cell population and a naturally occurring homogeneous suspension, it
requires little effort to dissociate cells (compared to tissues), has high nuclear
concentrations, eliminates data complications as a result of somatic endopolyploidy
(Gregory 2005a), easily remains a suspension with little aggregate formation, and gives a
direct haploid estimate. Settling suspensions can form aggregates when sitting for
prolonged time periods, especially during staining, and can clog the flow cytometer
intake if not mechanically dissociated before processing. For these reasons, sperm is
suitable as a starting cell population for genome size estimations and could be prioritized
over other cell types in specimens where sperm is accessible (Raff et al. 1990). Sperm
has been used as the cell type for estimations of other marine invertebrates, such as
Mytilus galloprovincialis (Elston et al. 1990; Fafandel et al. 2008), Strongylocentrotus
purpuratus (Hinegardner 1968), Oikopleura dioica (Seo et al. 2001), Pinctada fucata
(Takeuchi et al. 2012), and Acropora digitifera (Shinzato et al. 2011). Due to the ease of
chemically-induced spawning in sea urchins, rapid genome size estimations are possible
when live specimens are available for sperm collection.
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Figure 23. Data of PI-stained nuclear suspensions (left) and histograms (right) of EtOH
and DMSO-preserved C. gibbosum. No conspicuous populations of stained nuclei are
observed in the EtOH sample and the corresponding histogram does not show a
proportion of PI-stained nuclei. These are both evident in the in the DMSO sample (red
circle and red box).

The bivalves, A. transversa and L. ovalis, yielded good quality histograms with
the least homogenization intensity (see Appendix I). Bivalve soft tissue responded well
to preservation in both DMSO storage buffer and RNAlater at 4°C and both should be
considered viable preservatives for genome size estimations in the future (Table 4).
Blood collected from L. ovalis and fixed in DMSO storage buffer at 4°C did not yield a
histogram similar to the tissue sample and suggests that nuclear suspensions cannot be
prepared from bivalve blood fixed in DMSO storage buffer at 4°C.
Obtaining good flow cytometric data for nuclear genome size estimations relies
heavily upon precise homogenization of the starting tissue of interest to end up with
whole nuclei suitable for analysis (Jeffery and Gregory 2014). Under homogenization
prevents complete breakdown of tissue into individual cells and a subsequent nuclear
suspension is unlikely. Excessive homogenization results in fragmented nuclear DNA,
resulting in a smaller genome size estimate due to less PI detection by the flow
cytometer. The taxonomic diversity and the associated variation in tissue composition
represented in this project further contributed to the complexity of precisely tailoring the
homogenization protocol to each individual species.
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Species Descriptions and Relevance
Species were identified by visual inspection and field guide reference or personal
confirmation with collaborators providing samples. Some species have few external
characteristics distinguishing them from closely related species. DNA barcoding of the
mitochondrial cytochrome c oxidase 1 (CO1) gene was employed to maximize
identification accuracy (see Appendix II).

Annelida
Eurythoe complanata (Polychaeta, Amphinomidae)
This widespread marine fireworm is a shallow-water annelid belonging to a larger
species complex comprising three closely-related species (Barroso et al. 2010; Arias et
al. 2013). The biological compound complanine, which gives amphinomids their
diagnostic sting, and its derivatives, have been a focus of biomedical research into their
function in signal transduction pathways (Mayer et al. 2013). The regeneration of body
segments, characteristic of the phylum Annelida, also makes E. complanata a focal
research organism (GIGA COS 2014; Schulze et al. 2017). Investigation into the genes
responsible for the production of complanine and its metabolism, in addition to the
regeneration genes present throughout the annelids, should prioritize these organisms for
genomic and transcriptomic analysis.
The AGSD includes only one other amphinomid polychaete, Linopherus
ambigua. Its 4.99 pg C-value estimate is about twice that of L. ambigua and lies near the
large end of all polychaetes in the database. This estimate eliminates E. complanata as
an appropriate species for current sequencing technology, although the rapid progression
of sequencing advancements may make it eligible in the near future.

Hermodice carunculata (Polychaeta, Amphinomidae)
Marine fireworms are ecologically important grazers on benthic macrofauna, such
as corals, anemones, and gorgonians (Lizama and Blanquet 1975; Witman 1988; Arias et
al. 2013; Schulze et al. 2017). This fireworm species is a vector host of Vibrio shiloi, a
bacterial pathogen responsible for bleaching in a Mediterranean coral (Sussman et al.
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2003; Arias et al. 2013). Its broad distribution, ability to regenerate, and tolerance of
extreme environmental stressors make it a good transcriptomic study organism (Schulze
et al. 2017). However, minimal genomic data exists on H. carunculata (Mehr et al.
2015), despite its ecological importance
The estimate obtained here for H. carunculata is 4.08 pg, a large C-value among
annelids. This large genome size makes it a poor candidate for whole genome
sequencing, as sequencing time and annotation effort will be extensive. Though H.
carunculata’s eligibility for nuclear genome sequencing is unlikely in the near future, it
remains a valuable study organism for transcriptome and RNA expression analysis, in
addition to research involving fireworm toxins and their potential biomedical
applications. This genome size estimate, along with E. complanata, sheds more light on
the evolution of genome sizes within Annelida, particularly in the diversification of
amphinomid polychaetes.

Lumbriculus variegatus (Clitellata, Lumbriculidae)
This freshwater annelid was initially considered as a standard, but its genome size
was too large. Though not a marine invertebrate, the lack of genome size data on this
species and its popularity as a model laboratory organism for studying regeneration made
it necessary to report this estimate (Tweeten and Anderson 2008).
Tweeten and Morris (2016) estimated its genome size as 1.58 pg, which is almost
four times smaller than the 6.11 pg reported here. Ploidy levels in annelids, particularly
clitellates, vary substantially. It is thus likely that the specimens used in this project were
from a largely tetraploid population, a common occurrence (Pavlicek et al. 2016).

Lumbricus terrestris (Clitellata, Lumbricidae)
This invasive oligochaete annelid endemic to Europe is a popular laboratory
organism for biology classrooms and is usually referred to as the common earthworm
(James et al. 2010). L. terrestris was obtained with the intent for use as a standard, but
was replaced with prepared chicken erythrocyte nuclei soon afterwards. Nevertheless, a
genome size estimate was made and is worthwhile to report. These specimens were
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confirmed to be L. terrestris by a collaborator at Yale University and collected in a forest
in northeastern Connecticut.
This C-value estimated here, 2.15 pg, is nearly four times the 0.6 pg reported by
Gregory and Hebert (2002), suggesting that genome size may vary significantly within L.
terrestris. Pavlicek et al. (2016) documented variation in ploidy levels (number of
chromosome sets) in L. terrestris with diploid chromosome numbers ranging from 30 to
38. Because aneuploidy (abnormal chromosome number) is a common occurrence in
oligochaetes, particularly in family Lumbricidae (Vsevolodova-Perel and Bulatova 2008),
intraspecific genome size variation could be the result of a large number of
subpopulations. Offspring from parthenogenetic lumbricids are almost always polyploid
(Vsevolodova-Perel and Bulatova 2008), suggesting that inflated genome sizes are not
rare in these organisms. This estimate still indicates a suitably sized genome for
sequencing.

Figure 24. Live Lumbricus terrestris before preservation in DMSO storage buffer and
RNAlater.

Sipunculus nudus (Polychaeta, Sipunculidae)
The Sipuncula, or peanut worms, a unique group of cosmopolitan unsegmented
marine worms that exhibit a special larval development stage, were long considered a
separate spiralian phylum (Boyle and Rice 2014; Lemer et al. 2015). However, they
have recently been submerged among polychaeta within Annelida (Boore and Staton
2002; Shen et al. 2009; Kristof et al. 2011). Their importance for resolving their position
within Annelida and their use in analyses of comparative development using
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transcriptomic tools is well-documented (Boyle and Seaver 2010; Kristof et al. 2011;
Riesgo et al. 2012; Lemer et al. 2015).
A single sipunculan estimate exists in the AGSD: 1.28 pg for Themiste
lageniformis. The 2.29 pg C-value estimate made here is much larger, though that
estimate was obtained by Feulgen analysis. A brief analysis of the range in annelid
genome sizes estimated by flow cytometry places this estimate in the middle. S. nudus is
an acceptable candidate for genome sequencing based on this estimate.

Themiste lageniformis (Polychaeta, Themistidae)
As with S. nudus, this sipunculan represents an important specimen in
understanding spiralian evolution, the loss of segmentation within annelids, and its
location on the tree of life (Kristof et al. 2011; Boyle and Rice 2014). Recent evidence
has submerged Sipuncula within Annelida, reflecting a loss of the segmentation
characteristic of other annelids (Boore and Staton 2002; Shen et al. 2009; Kristof et al.
2011).
This genome size estimate for T. lageniformis is 2.14 pg. The previous estimate
was made with Feulgen image analysis densitometry, potentially causing some variation
between methods because the same standard was used for both estimations. Both
estimates suggest that T. lageniformis is a good candidate for whole genome sequencing.
The importance of spiralian evolution and the unique characteristics of sipunculans
should rank T. lageniformis highly for future invertebrate sequencing projects.

Arthropoda
Sergia splendens (Malacostraca, Sergestidae)
A common member of the bathypelagic micronekton, S. splendens is a globally
distributed species linking low and high trophic levels (Jeffery 2012). By transferring
biomass from phytoplankton to higher-level fish and crustaceans, S. splendens plays an
important role in the trophic ecology of pelagic food webs (Hopkins et al. 1994; Judkins
2014). These midwater decapods indirectly support some marine fisheries by serving as
a food source for targeted fish species (Vereshchaka et al. 2014). Despite their pelagic
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abundance (Burghart et al. 2007; Judkins 2014) and participation in a large daily vertical
migration through the water column (Burghart et al. 2007; van Haren and Compton
2013), S. splendens is taxonomically and phylogenetically poorly understood
(Vereshchaka et al. 2014; Vereshchaka 2017).
This is the first genome size estimate for S. splendens, the one arthropod in this
sample set. The estimate of 4.81 pg is fairly large relative to the other species analyzed,
but is dwarfed by many of the other pelagic decapod genomes listed in the AGSD. Based
on this estimate, S. splendens is not a good current candidate for whole genome
sequencing.

Figure 25. Sergia splendens preserved in RNAlater before homogenization.

Chordata
Danio rerio (Teleostei, Cyprinidae)
The zebrafish is a model organism in evolutionary-developmental studies and a
common standard used in nuclear genome size estimations (Howe et al. 2013). D. rerio
was originally intended for use as an intermediate-size standard in this study, but
alternative prepared standards were used to avoid any possible inconsistencies in
replicates. The inclusion of D. rerio in this sample set served as a positive control and an
attempt to resolve a slight discrepancy in previous FCM estimations in the AGSD
(Ciudad et al. 2002; Animal Genome Size Database 2017). D. rerio is a sequenced
vertebrate, increasing its reliability as a positive control (Hedgehock et al. 2005; Howe et
al. 2013). Though they are not invertebrates, zebrafish are important models for
translational research and are useful in comparative analyses with the human genome
(Barbazuk et al. 2000).
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This genome size estimate served as an unanticipated positive control for protocol
accuracy. The C-value estimate made here, 2.13 pg, lies within the range of published
estimates in the database. The estimate closest to this value was also obtained by flow
cytometry and was also the only other estimate using G. domesticus (1C = 1.25 pg) as a
standard (Lamatsch et al. 2000).

Echinodermata
Cenometra bella (Crinoidea, Colobometridae)
The crinoids are the basalmost extant echinoderms (Cohen et al. 2004). This
placement on the phylogenetic tree makes crinoids a focal group for studying the radical
evolutionary transition from invertebrate to vertebrate diversity (Kondo and Akasaka
2012). Current crinoid phylogenetic research is focused on integrating genomic analysis
with morphological evidence, which incorporates their extensive fossil record into
analyses (Cohen et al. 2004; Pawson 2007; Roux et al. 2013). Crinoids’ tissue
regenerative abilities, along with those of other echinoderms, enhances interest in these
organisms for investigating the genomic basis of this biological peculiarity (Lawrence
and Vasquez 1996). Because crinoids and humans are similar in their deuterostome
development and close phylogenetic placement (Satoh et al. 2003; Kondo and Akasaka
2012), the genes responsible for regeneration may be homologous to similar genes within
the human genome.
Crinoid genomes are poorly represented in the AGSD, as are molecular analyses
in general. To date, the database lists no crinoid genome size estimates, although it
includes representatives of the four other echinoderm classes. This estimate for C. bella,
as well as H. robustipinna (see below), are the first genome size estimates made for these
species and the first crinoid genome size estimates. The C. bella genome size (0.75 pg)
agrees closely with those from the other echinoderm C-values listed in the database; most
are <1 pg. This relatively small genome size (~ 750 Mb) could make C. bella a good
candidate for whole genome sequencing and could help encourage future genomic
analysis of echinoderm diversity and early deuterostome evolution.
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Himerometra robustipinna (Crinoidea, Himerometridae)
Himerometra robustipinna is among the most common species of Pacific reefdwelling crinoids (Taylor et al. 2017) and is capable of rapid regeneration (Lawrence and
Vasquez 1996; Cohen et al. 2004; Mekhova and Britayev 2012). H. robustipinna is
listed as a priority species for whole genome sequencing by GIGA COS (2017) for its
research implications. Despite their status as basal echinoderms and their deuterostome
connection to vertebrates, genome size data for this group is limited (Cohen et al. 2004;
Pawson 2007; Rouse et al. 2013).
The C-value of 0.48 pg makes H. robustipinna a good candidate for genome
sequencing projects. Whole genome analysis, in addition to transcriptomic studies of
gene expression involved in regeneration and feeding will help elucidate the underlying
genomic pathways that result in their ability to regenerate lost structures. Such studies
will reveal if these genes are homologous with those in other organisms capable of
regeneration (e.g., crustaceans, cnidarians, cephalopods) or if they evolved independently
in multiple phyla. Additional genomic analysis will add to understanding of crinoid
phylogeny.

Tripneustes gratilla (Echinoidea, Toxopneustidae)
This Indo-Pacific sea urchin is an ecologically valuable seagrass grazer, and it is
harvested for its eggs, a sushi delicacy (Brennand et al. 2010). Along with other
calcareous organisms, sea urchins face an uncertain future as anthropogenic carbon
emissions raise temperatures and fuel ocean acidification (Rahman et al. 2009). Stumpp
et al. (2012) showed that sea urchin larvae modified their internal pH in response to
decreasing environmental pH. Similar studies on the biological responses of other
echinoids to forecasted environmental fluctuations would help predict how urchins may
respond to such changes and how their population dynamics may alter algal and seagrass
densities. Genes controlling the pathways that help organisms, such as sea urchins,
respond to increased environmental stress should be a focus of interest for marine
genomic research in the near future. Echinoids and other calcifying species would
greatly benefit from more transcriptome sequencing to better understand the extent to
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which they can cope with predicted temperature increases and pH declines of the world’s
oceans.
The C-value estimate of 1.27 pg places T. gratilla within the range of echinoid Cvalues listed in the AGSD but as the second largest among echinoids in the database. Its
only other congener, T. esculentus, has a genome size of 1.10 pg. The modestly sized
genome of T. gratilla makes it a good whole genome sequencing candidate, although a
majority of the other sea urchins have smaller genomes and the cost and time associated
with sequencing would reflect this.

Figure 26. Live Tripneustes gratilla before sperm extraction with KCl.

Mollusca
Acanthopleura granulata (Polyplacophora, Chitonidae)
These chitons are ecologically important algal grazers along rocky tropical coasts
(Brooker and Shaw 2012). Their ability to rasp algae with a biomineralized radula also
enables them to restructure hard substrate through continuous breakdown of rock
(Brooker and Macey 2001). A. granulata acts as a biological form of disturbance,
removing existing organisms and providing new habitat for settling biota (Lowenstam
1962; Rasmussen and Frankenberg 1990). Additionally, chitons, like members of several
other groups of mollusks, that are capable of homing during nocturnal algal foraging and
returning to the same location repeatedly (Mook 1983).
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Hinegardner’s (1974) estimate of 0.84 pg is somewhat close to the C-value
estimate of 0.76 pg made here. The estimate obtained here served as an attempt to try
and corroborate the Hinegardner estimate, which was made 43 years ago with an outdated
methodology, with a more accurate determination of genome size. Nonetheless, both
estimates show that A. granulata has a relatively small genome, even relative to the
remaining chitons in the AGSD, and is eligible for current sequencing technology.

Anadara transversa (Bivalvia, Arcidae)
This bivalve was once an exclusively Indo-Pacific species, but Lodola et al.
(2011) have documented its invasion of the Mediterranean, Adriatic, and Aegean Sea,
where it soon spread to Sardinia. Its westward progression is concerning, but the
ecological impacts of its invasion have yet to be studied in detail. Like most other
bivalves, A. transversa is a suspension-feeder and transfers suspended nutrients to
benthic sediment by depositing fecal pellets, which removes nutrients from access by
phytoplankton and developing pelagic larvae (Cinar et al. 2014).
The estimate represents the first for A. transversa and the second for the genus.
The 0.87 pg estimate obtained here is much smaller than the 1.45 pg C-value of A.
broughtoni, as quantified by Anisimova (2007) with Feulgen image analysis
densitometry. Large genome size variation within a genus has been reported in other
groups, such as bivalves (Bonnivard et al. 2009), sunflowers (Duskova et al. 2010), and
copepods (McLaren et al. 1989) This estimate makes the genome size of A. transversa
the smallest of the three species within the order Arcida in the AGSD and makes A.
transversa an eligible candidate for whole genome sequencing.

Chaetopleura apiculata (Polyplacophora, Ischnochitonidae)
Chitons are important focal organisms for developmental biology due to their
placement within the protostome Spiralia, the highly conserved pattern of early
development associated with other spiralian phyla (Henry et al. 2004; Buckland-Nicks
2008), and biomineralization of radular teeth (Weaver et al. 2010; Brooker and Shaw
2012). Both the evolution of spiralian developmental characteristics and the genes
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controlling the process of biomineralization make chitons important study organisms in
genomics.
Hinegardner (1974) estimated the haploid genome size of C. apiculata to be 1.70
pg, compared to the C-value estimate obtained here, 1.39 pg. The genome size estimate
made here makes C. apiculata a good candidate for whole genome sequencing, with
implications for fertilization biology research and polyplacophoran evolution (BucklandNicks 2008).

Figure 27. Live Chaetopleura apiculata before preservation in DMSO storage buffer.

Chiton tuberculatus (Polyplacophora, Chitonidae)
Chitons have been of research interest since their radula were found to incorporate
extremely strong materials, such as magnetite (Lowenstam 1962; Kirschvink and
Lowenstam 1979; Weaver et al. 2010; Brooker and Shaw 2012). They have since been
suggested as models for the production and engineering of new tools (van der Wal et al.
1999). Polyplacophoran classification has largely been based on their physiological
characters and extensive fossil record (Sirenko 2006). Genomic analysis of chitons can
help distinguish visually similar species, which may lead either to a re-evaluation or
strengthening of current chiton phylogeny. In either case, more data on chiton genomics
will be useful.
Of the nine chiton genome sizes in the AGSD, C. tuberculatus has the smallest,
0.63 pg (Mirsky and Ris 1951). The C-value estimate made here, 1.53 pg, is
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considerably larger than the previous estimate and makes it the fifth largest chiton
genome size. The methods for estimation vary greatly, with Mirsky and Ris (1951)
quantifying the given amount of DNA in a sample, then dividing by the total number of
cells. Flow cytometry quantifies DNA within each nucleus individually, instead of
obtaining the average DNA within a cell. This case brings up the question of correct
identification of a species, required for comparing the same species across studies,
resolved today with DNA barcoding. It is assumed that the previous estimate was made
with a correctly identified C. tuberculatus, and the classification characteristics have
since remained the same. Based solely on the estimate made here, C. tuberculatus
remains a suitable species for whole genome sequencing.

Cyphoma gibbosum (Gastropoda, Ovulidae)
The flamingo tongue snail is a marine gastropod that is an obligate gorgonian
predator (Gerhart 1986; Vrolijk and Targett 1992; Whalen et al. 2010). C. gibbosum is
an ecologically important mollusk that exerts top-down predatory pressure on gorgonian
biomass in reef habitats. Recent ecological studies have shown trophic cascade effects
when C. gibbosum populations have been experimentally manipulated (Burkepile and
Hay 2007). C. gibbosum also serves as a candidate for studying allelopathy (biochemical
influence on other organisms) and the tolerance these predatory snails have for the
biochemical compounds secreted by gorgonians, which deter most other benthic grazers
(Vrolijk and Targett 1992; Whalen et al. 2010). The coevolution of this interaction is
another example of the classical arms-race analogy used to describe other predator-prey
relationships (Whalen et al. 2010). Further analysis of the genomic mechanisms
underlying this back-and-forth evolutionary battle may provide some useful information
about other predatory interactions or host-pathogen evolution.
No C-value estimates exist for C. gibbosum, but Smith et al. (2011) included this
species in the most extensive evolutionary analysis of molluscan phylogeny completed to
date. The 2.30 pg estimate lies within the range of gastropod genome sizes in the
database. C. gibbosum’s genome size makes it a good candidate for current genome
sequencing methods.
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Figure 28. Live Cyphoma gibbosum before preservation in 95% EtOH, DMSO storage
buffer, and RNAlater.

Lunarca ovalis (Bivalvia, Arcidae)
This bivalve (formerly Anadara ovalis), the blood ark, has been proposed as an
eligible species for aquaculture in the United States. Power and Walker (2001) showed
that their growth rates were comparable to other commercially harvested bivalves and
survivability was not correlated with stocking density. Sturmer et al. (2011) also
concluded that blood arks are viable additions to or alternatives for the traditional
aquacultured clam, the venerid Mercenaria mercenaria. If L. ovalis aquaculture becomes
more widespread, genomic research would be an invaluable tool for assessing genetic
diversity on farms, in addition to the genes involved in growth and transcriptional
responses to varying environmental conditions that may be applied to maximize yield.
Anadara broughtoni (1C = 1.45 pg) is the only other congener in the AGSD. The
0.71 pg estimate made here is about half that of A. broughtoni and places L. ovalis on the
small end of the bivalve genome sizes listed in the database. The recent sequencing of
Pinctada fucata and Crassostrea gigas should provide a stimulus for more bivalve
genome sequencing efforts, including that of the relatively small genome of L. ovalis
(Takeuchi et al. 2012; 2016; Murgarella et al. 2016).
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Figure 29. Dissected Lunarca ovalis before preservation in DMSO storage buffer.

Neomenia megatrapezata (Solenogastres, Neomeniidae)
Aplacophorans are an important group that provide insight into molluscan
evolution and the development of diagnostic molluscan characteristics (e.g., single and
double shells, intelligence, and chromatophores) (Vinther et al. 2012). These shell-less
organisms, now classified as Solenogastres within Aplacophora, are the most basal extant
mollusks (Jones and Baxter 1987; Salvini-Plawen and Paar-Gausch 2004; Todt et al.
2008; GIGA COS 2014; Redl et al. 2014; Kocot et al. 2016). Salvini-Plawen and PaarGausch (2004) described the species only relatively recently. Aplacophoran genomes
remain understudied to date (Kocot et al. 2017).
This estimate for N. megatrapezata agrees closely with those of the other six
solenogastre estimates in the AGSD. The one other congener, N. permagna, has a
slightly smaller C-value of 0.3 pg, obtained by Feulgen analysis. The estimate made here
makes N. megatrapezata a good candidate for current whole-genome sequencing
methods and the resulting data should add to understanding solenogastre phylogeny.

Oliva sayana (Gastropoda, Olividae)
This shallow-water gastropod, the lettered olive snail, is an ecologically important
predator. Mostly found on sand flats, O. sayana preys on mollusks and crustaceans and
occasionally feeds on carrion via a highly-sensitive olfactory system (Olsson and Crovo
1968). This snail exerts top-down pressure on benthic infauna and its scavenging
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facilitates the recycling of decaying organic matter (Olsson and Crovo 1968; RochaBarreira 2002). Additional research into the evolution and genomic pathways used by
this species may help reveal how these mobile gastropods became both scavengers and
efficient predators.
This is the first genome size estimate for O. sayana and it lies within the range of
gastropod C-values in the AGSD. The 3.43 pg C-value lines up with the mesogastropods
and the higher end of the neogastropods. Although its genome size is close to the
maximum capacity of current genome sequencing technology and cost-effectiveness, the
usefulness of the species in embryological and reproductive studies should rank it as
important for sequencing.

Recommendations for Tissue Preservation and Homogenization
Results of this study show that both DMSO storage buffer and RNAlater are
adequate preservatives for marine invertebrate genome size estimations, and support
Nagy’s (2010) conclusions about the efficacy of DMSO storage buffers saturated with
NaCl. These relatively inexpensive solutions reduce the need for freezing, freeing space
for samples requiring extreme cold storage. The viability of nuclei from tissues
preserved by these methods at 4°C, in addition to the suitable preservation of DNA and
RNA (Gorokhova 2005), make this protocol a multipurpose alternative to splitting
samples among a variety of preservatives. By reducing the division of tissue between
various preservatives, more tissue is available for specific downstream molecular biology
applications.
A Dounce tissue homogenizer was used to produce the initial nuclear suspensions
in this project. This method proved to be generally unsuccessful, as indicated by the
excessive shearing of nuclei and the abundance of small debris in the resulting
suspensions. The size of this homogenizer, with its small clearance distance between the
mortar and pestle components, which disrupted nuclear membranes during grinding may
have been inappropriate. The frosted texture of the homogenizer may have also been too
harsh for the nuclei in the first tissues processed. Using a homogenizer with a larger
clearance and smooth texture may solve this problem and produce better quality nuclear
suspensions in the future.
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Chopping tissues saturated in Galbraith buffer on ice proved to be the most
successful method for producing homogenates with a large number of nuclei suitable for
FCM analysis. Scalpel blades were sufficient to finely chop tissues into slurries, but
other samples may need to be chopped finer than a scalpel blade will allow. A combined
protocol including chopping and a subsequent step of gently crushing minced
homogenate in a microcentrifuge tube with a polypropylene pestle may help to produce
adequate suspensions for such tissues.
Analyses of time-series saturation of tissue homogenates with Galbraith buffer
may yield better nuclear suspensions if short-term (<10-15 min) saturation is determined
to be unsatisfactory or if tissues were suboptimally preserved. Production of
homogenates could be followed by a prolonged incubation period in Galbraith buffer
with intermittent sample disruption to maximize tissue saturation and resulting nuclear
yield. This may be a viable solution if tissues cannot be finely chopped with a razor or
scalpel blades and tissue surface area:volume ratios are low.
All samples were stained with PI at a prepared concentration of 1.0 mg mL-1.
Final PI concentrations in stained samples were 38.5 μg mL-1. Other studies estimating
genome sizes using flow cytometry suggest final concentrations of 50 μg mL-1 (Hare and
Johnston 2011; Gregory et al. 2013), though some have successfully used half this
concentration (Hegaret et al. 2003; Jeffery 2012; Ellis et al. 2014; Mulligan et al. 2014).
This study documented that sufficient PI saturation of marine invertebrate nuclear
suspensions can be made with less than the suggested PI concentration in other surveys.
In cases when PI is in short supply, or for running a small number of samples that do not
justify purchasing more PI, lower concentrations may be used. However, processing
samples at final concentrations less than 50 μg mL-1 is not necessary if PI is plentiful, as
it is relatively inexpensive.

Using Genome Sequences for Genome Size Estimations
With the increase in genome sequence data as a result of NGS technology,
comparisons of genome sizes between estimation methods (e.g., flow cytometry, Feulgen
image analysis densitometry) and whole genome sequences have been proposed.
Genome sequences have proven to be poor measurements of genome size because they
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are rarely ever fully completed, only reaching an asymptotic limit, especially for large
genomes (Gregory 2005c; Elliott and Gregory 2015). For this reason, genome size data
from sequences are usually smaller than with traditional methods. Because cytological
methods do not rely on assembly of genomic segments and the associated errors, flow
cytometry and Feulgen image analysis densitometry remain the best options for
estimating genome sizes.

Future Direction and Challenges of Marine Invertebrate Genome Size Estimations
As genome sequencing technology advances, estimates of genome size will be
increasingly important for identifying species appropriate for whole genome sequencing.
Mitochondrial genomes and transcriptomes have been profiled for many organisms, but
many nuclear genomes remain too large for today’s technology.
More detailed investigations into genome size diversity across marine invertebrate
taxa would be of great value to the expanding field of genomics and would reveal
valuable information on multiple understudied groups and habitats. The relatively
inexpensive nature of flow cytometry and the reagents involved in sample preparation
and processing permits numerous estimates to be made quickly at little cost. The
vastness and diversity of archived sample collections may yield an extraordinary amount
of data, if individuals are to obtain genome size estimates for these specimens.
The extreme phenotypic variation in marine invertebrate taxa makes diverse
genome size surveys difficult as shown here. Most time is spent adapting and modifying
current protocols to specific tissues and preservatives through trial-and-error. Because of
this time-consuming nature of a diverse invertebrate sample set, not all estimates reported
here have multiple replicates, which would be prioritized over sample number if this
project was repeated.

Genome Size Evolution: Expansions and Contractions
Various mechanisms are involved in evolutionary changes of genome size. These
result in slow and fast additions and deletions of nuclear DNA. Common examples of
genome size expansions are partial or whole genome duplications, chromosomal
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duplications, and mobile element proliferation throughout a genome (Dufresne and
Jeffery 2011; Alfsnes et al. 2017). Contractions of genome size are usually associated
with gene loss and selective pressure on non-coding DNA in large genomes (Oliver et al.
2007; Bonnivard et al. 2009; Dufresne and Jeffery 2011; Puttick et al. 2015).
Increases in genome size are often the result of duplication events when either
genes or chromosomes are copied and not excised from the genome, resulting in a larger
genome that can become fixed in a population. Duplications can also occur on larger
scales, like partial or whole genome expansions, though these are less frequent and more
random in eukaryotes and even less frequently in metazoans (Dufresne and Jeffery 2011;
Puttick et al. 2015; Alfsnes et al. 2017). Slow additions to nuclear DNA in the form of
mobile elements are responsible for most genome size increases and a large proportion of
eukaryotic genomes (Kidwell 2002; Gregory 2005c; Oliver et al. 2007; Alfsnes et al.
2017).
Genome size reduction can result from selective pressure on cytological and
physiological characteristics associated with large genomes, such as cell division and
developmental rates (Oliver et al. 2007; Bonnivard et al. 2009; Dufresne and Jeffery
2011; Puttick et al. 2015). In particularly stressful or chaotic environments, large
genomes containing large amounts of non-coding DNA can be metabolically
disadvantageous, a concept termed the “large genome exclusion principle” (Knight et al.
2005; Bonnivard et al. 2009). The biochemical demand on nitrogen and phosphorus to
synthesize large genomes during S phase of the cell cycle can selectively exclude large
genomes from oligotrophic environments (Leitch and Bennett 2004; Dufresne and Jeffery
2011). Conversely, environmental stressors can induce the proliferation of transposable
elements throughout the genome, resulting in a larger genome and supporting the early
hypothesis by McClintock (1984), but contradicting the large genome exclusion principle
(Wessler 1996; Ebina and Levin 2007; Bonnivard et al. 2009).
The new age of NGS and its ability to provide vast amounts of genomic
information will paint a clearer picture of genome composition and evolution across the
metazoan tree of life, especially in taxa with relatively large genomes that were
inaccessible in the past (Dufresne and Jeffery 2011). Whole genome sequences have
shown to be historical records of ancient ancestors of extant organisms, as with
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Saccharomyces cerevisiae (Wolfe and Shields 1997; Dufresne and Jeffery 2011) and
early chordate evolution (Dehal and Boore 2005; Hoegg and Meyer 2005; Dufresne and
Jeffery 2011). New genome sequence data obtained with NGS methods will depict a
more complete view of evolutionary trends in metazoan genome sizes.

The Current Status of Genome Size Research
A fundamental question in current genomic research is how certain genomes
reached their size. It was once believed that environmental stability controlled genome
size, such that chaotic environments suppressed genome size and that large genomes
were metabolically costly for an organism (“large genome exclusion principle”;
Bonnivard et al. 2009). This hypothesis was refuted by studies analyzing the differences
in genome size from multiple habitats of varying stability (Fielman and Marsh 2005;
Bonnivard et al. 2009). Some of the largest genomes were found in species inhabiting
hydrothermal vents, where temperature gradients change over centimeters and vent
lifespans rarely exceed a decade (Grassle 1985; Martin et al. 2008).
To investigate genome size evolution within and across a range of taxonomic
groups, more C-values are needed. Too few genome sizes in some taxa prohibit largescale analyses of genome size evolution, a problem for groups such as crinoids, which are
critical for understanding of metazoan evolution through deep time (Gregory 2005c).
Larger genome size surveys are also secondarily advantageous in these understudied
groups, because they suggest which genomes are suitably sized for sequencing, thereby
contributing to gaps in sequence datasets. In this sense, genome size analyses serve as
the bottleneck to rapid sequence generation for particularly understudied species.
The C-value paradox has since influenced the development of the G-value
paradox, a widespread observation that gene number shows no obvious correlation with
genome size (Hahn and Wray 2002; Elliott and Gregory 2015; Francis and Worheide
2017). When correcting for non-coding DNA content, the number of genes was assumed
to correlate with perceived complexity, but the G-value paradox provided evidence to
counter this assumption (Hahn and Wray 2002). Elliott and Gregory (2015) provided
data supporting the claim that eukaryotic genome size and gene number positively
correlate, so this debate remains unresolved. In a sense, the C-value paradox has evolved
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into the G-value paradox, as research has progressed from looking explicitly at the size of
a genome to its gene content (Dunn and Ryan 2015; Francis and Worheide 2017). Thus,
the C-value paradox is becoming obsolete, because total genome size tells little about the
content of a genome. Nonetheless, genome size surveys remain relevant for determining
which genomes are eligible for sequencing, a focal point of this project.
It is becoming clearer that unraveling the questions surrounding the C-value
paradox and the G-value paradox will require multi-disciplinary collaboration between
genomics and non-molecular fields (Gregory 2005c; Koepfli et al. 2015), a notion
mirrored by the Global Invertebrate Genomics Alliance and other genomic initiatives
(GIGA COS 2014; 2017). By intensifying the efforts of these fields, we may soon make
great progress and begin to unlock a wealth of genomic information not only for our own
benefit, but more importantly, for the rest of the organismal diversity on this planet.
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I. Species Data

Figure A1-19. The following data for the 19 genome size estimates obtained in this study
follow the format listed below.
Top. Unstained (left) and stained (right) plots of FL2-H vs. FL2-A showing the nuclear
population that has taken up PI.

Bottom. Histogram of stained nuclei showing the larger G1 and smaller G2 peak.

Table A1. Mean G1 and G2 fluorescence intensities and G2/G1 ratios.
A1
A2
A3
A4
A5
A6
A7
A8
A9
A10
A11
A12
A13
A14
A15
A16
A17
A18
A19

Species
A. granulata
A. transversa
C. bella
C. apiculata
C. tuberculatus
C. gibbosum
D. rerio
E. complanata
H. carunculata
H. robustipinna
L. variegatus
L. terrestris
L. ovalis
O. sayana
N. megatrapezata
S. splendens
S. nudus
T. lageniformis
T. gratilla

Mean G1
237702
272099
59380
435000
243748
367007
339689
795000
649000
75708
486515
341551
221251
546000
55343
714000
715000
667000
101248

111

Mean G2
475000
547000
115454
860000
498000
731000
690000
1640000
1320000
151968
975125
676000
463000
1120000
n/a
1400000
1470000
1300000
203955

G2/G1 Ratio
1.9983
2.0103
1.9443
1.9770
2.0431
1.9918
2.0313
2.0629
2.0339
2.0073
1.9936
1.9792
2.0926
2.0513
n/a
1.9608
2.0559
1.9520
2.0144

A1. Acanthopleura granulata
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A2. Anadara transversa

113

A3. Cenometra bella

114

A4. Chaetopleura apiculata

115

A5. Chiton tuberculatus

116

A6. Cyphoma gibbosum

117

A7. Danio rerio

118

A8. Eurythoe complanata

119

A9. Hermodice carunculata

120

A10. Himerometra robustipinna

An unstained FL2-H vs. FL2-A plot is not available for H. robustipinna, but the
histogram still reflects the stained nuclear population.

121

A11. Lumbriculus variegatus

122

A12. Lumbricus terrestris

123

A13. Lunarca ovalis

124

A14. Neomenia megatrapezata

The histogram of N. megatrapezata only shows the larger G1 peak. No gating
adjustments revealed a second G2 peak.

125

A15. Oliva sayana

126

A16. Sergia splendens

127

A17. Sipunculus nudus

128

A18. Themiste lageniformis

129

A19. Tripneustes gratilla
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II. DNA Barcoding
Extracted gDNA was amplified and sequenced with universal invertebrate
cytochrome c oxidase subunit I (CO1) primers LCOI-1490 and HCOI-2198 for eight
species (Table A2) as described by Folmer et al. (1994). Sequencing was completed by
GENEWIZ using Sanger methods and forward and reverse strand sequences were
obtained and sequenced de novo using high sensitivity with Geneious software. The
percentages of untrimmed bases in a sequence that were high quality (HQ%) are listed in
Table A2 for samples that were successfully amplified and sequenced. Consensus
sequences for each sample are listed below in FASTA format. These sequences were
analyzed with Basic Local Alignment Search Tool (BLAST) for alignment with existing
CO1 sequences in GenBank and used for species confirmation.

Table A2. COI barcode data for eight species that successfully amplified and sequenced.
HQ% indicates the percentage of high quality untrimmed bases in a sequence.
Sample Number
KSR01
KSR02
KSR03
KSR05
KSR07
KSR08
KSR10
KSR11

Species
A. granulata
A. transversa
C. apiculata
D. rerio
L. variegatus
L. terrestris
O. sayana
S. splendens

HQ%
88.1
98.0
99.5
95.8
86.5
98.6
92.0
99.4

BLAST Results: Samples KSR01, 02, 03, 05, 07, and 08 matched previous identifications
according to BLAST results. KSR10 resulted in a match with A. granulata, but this
identification is questionable because the specimen was visually confirmed to be a
gastropod in the family Olividae and more specifically, O. sayana. There is some
evidence of contamination from sample KSR01. KSR11 resulted in a match with Sergia
robusta, but there is currently no nucleotide data for S. splendens in the National Center
for Biotechnology Information (NCBI) database, so S. splendens is likely the correct
identification originally determined by H. Bracken-Grissom.

>KSR01_consensus_sequence_A_granulata_COI-M13R.ab1
131

AATGCTGATATAGGATAGGATCTCCTCCCCCCGCCGGGTCAAAAAAAGCCGT
GTTAAAATTTCGATCTGTAAGAAGCATAGTAATGCCCCCTGCCAGAACAGGC
AACGATAGAAGTAAAAGTACCGCCGTAATTTTTACAGATCACACAAAGAGAG
GTAAACGCTCTATTTGTATTCCCTTTCAACGTATATTAAATACAGTAGTAATA
AAATTCACAGCTCCTAAAATTGAAGAAACTCCTGCTAAATGAAGAGAAAAAA
TAGCTAAGTCTACAGAACCTCCAGCATGAGCAATGTTCCTAGCTAATGGGGG
GTATACTGTCCATCCTGTCCCTACCCCCCTTTCTACAGCAGCTGACCCCAATA
ATAAGCATAAAGCAGGGGGAAGAAGCCAAAATCTTATATTATTTAATCGAGG
AAAAGCTATATCAGGAGCTCCTAACATTAAAGGAACCAGCCAATTTCCAAAA
CCTCCAATTATTATCGGCATAACTAAAAAAAAAATTATCACAAAAGCATGTG
CTGTTACAATAACATTATATAGTTGATCATCTCCCAGTAATGCACCCGGTTGG
CCTAGCTCAGCTCGAATTAAAAGCCTCAGTGCAGTTCCAACTAAACCAAACC
AGATCCCAAATAAAATATATAAAGTT
>KSR02_consensus_sequence_A_transversa_COI-M13F.ab1
GGACTATATACTTGTTGACTGGGTTTTGGTCAGCATTGGTCGGCATTTCGCTT
AGGTTTCATATTCGTTTGAATCTGGCGCAGCCAGGTGGTATTTACAGTGAATT
GCCACAGATGTATAATGTTGTGGTGACGAGTCATGCATTAATGATGATTTTTT
TTTTTGTTATGCCAGTGATGATGGGCGGGTTCGGGAATTGATTAATCCCAATA
ATAGTTGGTTGCGGTGATATGAGTCACCCTCGTCTTAATGCTTTTAGTTATTG
AGTGCTGCCTGCTGCCTTGTTTATGGTGGTGGTATCTGCCTTAGTAGAGGGAG
GCGCTGGTAGGGGATGGACTTTATACCCTCCGCTATCGACCTGGATTTTTCAT
ACGACTCCTGCTATAGATATAGTGATTCTATCTTTACATGTTGCTGGGTTCGG
GTCCATAATAAGGTCGTTGAATTTTATGTGTACGGTGATTAGTGCTCGGTTCT
TTGCCTTAATTGCTGAGCGTATGCCGATTTTTATTTGGGCCATGTTTGTGACGT
CTTGACTGTTGTTGTTCTCTTTGCCAGTATTGGCGGGTGGATTAACTATATTAT
TAACGGATCGTCATGTTAATACGTCTTTTTTCCGCCCGCAAGGCGGAGGTGAT
CCTTTAC
>KSR03_consensus_sequence_C_apiculata_COI-M13R.ab1
AAATAAGTGTTGATATAAAATAGGATCCCCCCCTCCCGCTGGATCGAAAAAA
GCAGTGTTAAAATTTCGATCTGTTAATAGCATTGTAATTCCTCCTGCTAATAC
TGGTAAAGATAGTAATAATAAAACAGCGGTGATTTTTACAGACCAAACAAAC
AACGGTAAACGTTCTATTTGTATTCCTTTTCACCGTATATTAAACACCGTAGT
AATAAAATTTACTGCTCCTAAGATTGAAGACACACCTGCAAGGTGTAAAGAA
AAAATAGCTAAATCTACAGAACCTCCAGCATGTGCCATATTTCCTGCCAAAG
GAGGATAGACGGTTCATCCAGTCCCAACTCCACTTTCTACCGCTGCAGAGCCT
AAAAGCAAACATAACGACGGAGGAAGTAGTCAAAACCTTATGTTATTTAGCC
GAGGAAAAGCCATATCAGGTGCCCCTAGCATTAAGGGAACTAACCAATTTCC
AAAGCCTCCAATCATTATTGGTATTACAAGAAAAAAAATTATTACAAAAGCA
TGAGCCGTTACAATTACATTATAAAGCTGGTCGTCCCCTAGTAAGGCTCCCGG
CTGTCCTAATTCAGCTCGAATTAAAAGACTTAATGCTGTTCCTACTAAGCCCG
ATCAAATCCCAAATAAAATATAAAGAGTAC
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>KSR05_consensus_sequence_D_rerio_COI-M13R.ab1
AAATAAGTGTTGATAAAGAATTGGATCTCCCCCTCCTGCCGGGTCAAAGAAC
GTTGTGTTAAGATTTCGGTCTGTAAGAAGTATTGTAATTCCGGCAGCTAACAC
TGGTAAAGATAAAAGAAGTAGTACAGCTGTAACTAAGACAGCTCATACAAAT
AATGGAGTTTGATACTGAGAGATAGTTGGTGGCTTCATGTTAATTGTAGTAGT
AATAAAATTAATTGCTCCAAGAATAGATGAAACACCTGCTAAGTGTAGTGAA
AAAATTGTTAGATCAACAGATGCTCCTGCATGGGCAAGGTTGCCTGCAAGAG
GTGGATAAACTGTTCATCCTGTTCCAGCTCCTGCTTCAACTCCAGAAGAAGCT
AATAGAAGAAGAAATGAGGGTGGAAGAAGTCAGAAGCTTATATTATTTATTC
GGGGAAATGCCATATCGGGGGCCCCAATCATTAGTGGCACAAGTCAGTTTCC
AAATCCCCCAATAAGAATGGGTATTACTATAAAGAAAATTATTACAAAAGCA
TGGGCAGTAACAATAACATTATAGATTTGATCATCACCAAGAAGTGCTCCTG
GTTGGCTAAGTTCAGCTCGGATTAAGAGGCTTAATGCGGTCCCTACTATTCCG
GCTCAAGCACCAAATACTAGATACAGGGTGC
>KSR07_consensus_sequence_L_variegatus_COI-M13R.ab1
AAATAGATGTTGATATAGGACAGGGTCTCCACCCCCAGCTGGATCAAAGAAG
GAGGTGTTTAGGTTTCGATCTGTTAGTAATATAGTAATGGCTCCTGCTAATAC
CGGTAAGGATAATAGGAGTAAAATTACTGTAATTATTACGGCTCATACAAAT
AAAGGAATTCGTTCTAGACGTATACCATTTCATCGTATATTGATAACAGTTGT
AATAAAGTTTAGGGCTCCTAGAATTGAGGATGCTCCGGCTAAATGAAGGGAG
AAGATAGCTAGATCTACAGAAGGTCCAGCGTGTGCTAGATTACTTGCTAGAG
GTGGGTATACAGTTCATCCAGTTCCTGCTCCTTTTTCTACTGCAGCTGATCTTA
CTAATAAAATTAGGGAAGGGGGTAGTAGTCAAAAACTAAGATTATTTAGTCG
TGGAAATGCTATGTCTGGAGCACCTAGTATTAATGGTAGTAATCAATTTCCGA
ATCCGCCAATAAATATAGGTATTACTATAAAGAAAATTATAATAAAGGCATG
TGCGGTAACTATGGTATTGTATAGTTGATCTCTGCCTAGAAATGATCCTGGTT
GTGTGAGCTCAATTCGGATTAGTAGTCTTATTCCTGCTCCTACTATGCCGGCT
CAGACGCCA AGAATAAAATATAGAGTGC
>KSR08_consensus_sequence_L_terrestris_COI-M13R.ab1
GAAAAGGTGTTGATATAAAATTGGATCTCCCCCACCAGCGGGGTCGAAAAAT
GAAGTATTAAGATTTCGATCTGTTAGGAGTATTGTAATTGCTCCGGCAAGTAC
AGGAAGGGATAGGAGGAGGAGAACTACTGTAATTAATACAGCTCACACAAA
CAGAGGGATTCGCTCTAGTCGTAACCCACTTCAGCGTATGTTAATTACAGTGG
TAATAAAATTAATAGCCCCCAGAATAGAGGACGCACCTGCTAAATGGAGGGA
AAAAATAGCTAAATCTACAGATGGCCCGGCATGGGCGAGATTTCTGGCAAGA
GGGGGGTATACTGTTCAACCTGTTCCGGCTCCCTTCTCTACGGCAGCTGAGGA
AACTAGGAGAATAAGAGAGGGGGGCAGCAGTCAAAATCTTATGTTATTAAG
GCGTGGGAATGCTATATCAGGAGCTCCCAGTATTAGGGGAAGAAGTCAGTTC
CCAAACCCGCCAATGAAGACTGGTATCACTAGAAAGAAAATTATAACAAATG
CGTGCGCAGTAACGATTGTATTGTATAATTGGTCACTGCCTAGGAATGCACCA

133

GGTTGTCTTAGCTCAATACGGATTAGAAGTCTTATTCCGGCTCCTACCATGCC
AGCCCACACCCCAAGAATGAAGTATAGAGTTC
>KSR10_consensus_sequence_O_sayana_COI-M13R.ab1
AAATAAATGCTGATATAGGATAGGATCTCCTCCCCCCGCCGGGTCAAAAAAA
GCCGTGTTAAAATTTCGATCTGTAAGAAGCATAGTAATGCCCCCTGCCAGAA
CAGGCAACGATAGAAGTAAAAGTACCGCCGTAATTTTTACAGATCACACAAA
GAGAGGTAAACGCTCTATTTGTATTCCCTTTCAACGTATATTAAATACAGTAG
TAATAAAATTCACAGCTCCTAAAATTGAAGAAACTCCTGCTAAATGAAGAGA
AAAAATAGCTAAGTCTACAGAACCTCCAGCATGAGCAATGTTCCTAGCTAAT
GGGGGGTATACTGTCCATCCTGTCCCTACCCCCCTTTCTACAGCAGCTGACCC
CAATAATAAGCATAAAGCAGGGGGAAGAAGCCAAAATCTTATATTATTTAAT
CGAGGAAAAGCTATATCAGGAGCTCCTAACATTAAAGGAACCAGCCAATTTC
CAAAACCTCCAATTATTATCGGCATAACTAAAAAAAAAATTATCACAAAAGC
ATGTGCTGTTACAATAACATTATATAGTTGATCATCTCCCAGTAATGCACCCG
GTTGGCCTAGCTCAGCTCGAATTAAAAGCCTCAGTGCAGTTCCAACTAAACC
AGACCAGATCCCAAATAAAATATATAAAGTTC
>KSR11_consensus_sequence_S_splendens_COI-M13R.ab1
AAACAAGTGTTGATAAAGGACAGGATCTCCTCCCCCAGCGGGGTCAAAAAAC
GAAGTATTTAAATTTCGGTCAGTTAAAAGCATAGTAATTGCCCCTGCTAGAAC
AGGAAGAGAAAGAAGAAGAAGGAGAGCAGTGATAAATACTGATCATACAAA
AAGAGGTAGCCGGTCCATTGTTATTCCAGTTCTCCGTATATTAATAACCGTTG
TTATAAAATTGACAGCTCCTAAGATAGAAGAGACACCAGCCAGGTGAAGTGA
AAAAATACCTAAGTCTACAGAAGCCCCCGCGTGAGCAATTCCAGCAGAAAGC
GGGGGATAAACAGTTCAACCTGTACCGACTCCGCTTTCTACCATACCTCTAGA
TAATAGAAGTGTCAGAGAAGGAGGTAGTAACCAGAATCTCATATTGTTCATT
CGAGGGAATGCTATATCAGGAGCTCCTAATATAAGGGGCACTAATCAGTTTC
CAAATCCTCCAATTATAATTGGTATAACTATAAAGAAAATTATCACAAACGC
GTGAGCTGTAACAACCACATTATAAATCTGATCATCACCAATAAGACTTCCTG
GTTGACCAAGCTCAGCTCGAATAATCAAACTTAAAGCAGTTCCTACTATACC
AGCCCAAGCTCCGAAAATAAAATATAACGTCC
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III. Nuclear Isolation and Homogenization Protocol
Note: Tissues preserved in DMSO storage buffer or RNAlater kept at 4°C work best.
Frozen tissue may be used, but some organisms show extensive nuclear membrane
disruption when subjected to repetitive freezing/thawing cycles.
Galbraith buffer (Galbraith et al. 1983; Hare and Johnston 2011):
•

Dissolve 4.26 g MgCl2, 8.84 g sodium citrate, 4.2 g MOPS, 1 mL Triton X-100,
and 1 mg boiled RNase A into 1 L of ddH2O. Adjust pH to 7.2 with HCl and
filter through a 0.22 um filter. Store at 4°C.

1. Remove tissue from preservative and cut a <0.5 g piece of tissue using a scalpel or
razor blade.
2. Rinse preservative from tissue with diH2O in cell strainer or 100 um nylon mesh. Use
paper towel or Kimwipe to wick water from the bottom and sides of the strainer to
minimize contact with tissue.
3. Place tissue in small Petri dish on ice. Add 500 uL Galbraith buffer and chop finely
with scalpel or razor blade.
4. Add 500 uL Galbraith buffer to maximize tissue saturation.
5. Using a plastic pipette; filter homogenate through 40-um nylon mesh (Falcon tube cell
strainer placed in a 50-mL Falcon tube works nicely).
6. Collect flowthrough and transfer to a clean microcentrifuge tube on ice.
7. Centrifuge @ 2,000 rpm for 1 min. Observe sample for a pellet of debris at bottom of
tube. If a pellet is present, transfer supernatant to new microcentrifuge tube. If no pellet is
present, centrifuge @ 2,000 rpm for 2 mins or increase speed to 3,000 rpm for 1 min.
Increase speed and/or time gradually (i.e. increase speed 1,000 rpm or increase time by 1
min).
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8. Add 500 uL Galbraith buffer, invert several times or pipet to mix (do not vortex) and
centrifuge @ 2,000 rpm for 1 min. Observe sample for a pellet of debris at bottom of
tube. If a pellet is present, transfer supernatant to new microcentrifuge tube. If no pellet is
present, increase centrifugation speed and/or time.
9. Observe nuclear suspensions under a microscope at 40X and 100X for presence of
nuclei and minimal debris. If excessive debris is present, continue purification and
centrifugation steps to obtain a cleaner suspension with high nuclear yield and little
debris.
10. Proceed to FCM analysis. Process samples in <4 hr. Prolonged (i.e., overnight)
incubation of samples in Galbraith buffer is not recommended and compromises nuclear
viability.
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IV. Data Collection and Processing with BD Accuri C6 Flow Cytometer
1. Turn on the Accuri C6 and open the software program. Let the laser warm up for 10-15
min. Set the flow rate to 10 uL min-1.
2. Select scatterplots to display SSC vs. FSC, FSC vs. FL2-A, SSC vs. FL2-A, FL2-H vs.
FL2-A and histograms of FL2-A and FL2-H.
3. Backflush the Accuri C6 and run dH2O until <10 events are recorded in the first 10
sec. This may require several rounds of backflushing and running dH2O until these
conditions are satisfied.
4. Run unstained samples first to gauge nuclear concentration (if too concentrated, dilute
as described in A), followed by the 500-uL stained sample for the same species.
Backflush and run dH2O between species until <10 events are recorded in the first 10
sec.
a. Highly concentrated samples may require dilution if too many events are recorded too
fast. Dilute sample with Galbraith buffer.
b. A definitive shift in fluorescence intensity should be observed in the stained sample. A
nuclear population shifted to the upper right of the FL2-H vs. FL2-A plot should be
evident in the stained sample, as well as a new, defined peak to the right of the unstained
peaks in the histogram of FL2-A.
5. Run unstained and stained standards separately, then run combined stained standard +
test sample.
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V. R Script for Data Analysis
Two independent sample t-test (Mollusca)
1. Check both subsets of the data for normality.
boxplot(C.value~Source)
shapiro.test(subset(AGSDdata,Source=='Thesis')$C.value)
shapiro.test(subset(AGSDdata,Source=='AGSD')$C.value)

2. Thesis data are normally distributed. AGSD data are not normally distributed.
Attempt transformations of both subsets to achieve normality.
boxplot(log(C.value)~Source)
shapiro.test(log(subset(AGSDdata,Source=='Thesis')$C.value))
shapiro.test(log(subset(AGSDdata,Source=='AGSD')$C.value))

3. Both study and AGSD data are normal after log transformations. Check for
homogeneity of variances between the two subsets.
bartlett.test(log(C.value)~Source)

4. The assumption of homogeneity of variances is not satisfied. No transformations
satisfy the assumptions of normality and homogeneity of variances for both
subsets. Proceed to non-parametric statistical test (Mann-Whitney Wilcoxon
test).
wilcox.test(C.value~Source)

5. Conclusion: The means of the study and AGSD C-values are not significantly
different (p = 0.2014).
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Two independent sample t-test (Annelida)

1. Check both subsets of the data for normality.
boxplot(C.value~Source)
shapiro.test(subset(AGSDdata2,Source=='Thesis')$C.value)
shapiro.test(subset(AGSDdata2,Source=='AGSD')$C.value)

2. Thesis data are normally distributed. AGSD data are not normally distributed.
Attempt transformations of both subsets to achieve normality.
boxplot(log(C.value)~Source)
shapiro.test(log(subset(AGSDdata2,Source=='Thesis')$C.value))
shapiro.test(log(subset(AGSDdata2,Source=='AGSD')$C.value))

3. Both study and AGSD data are normal after log transformations. Check for
homogeneity of variances between the two subsets.
bartlett.test(log(C.value)~Source)

4. The assumption of homogeneity of variances is satisfied after transformation.
Proceed to parametric statistical test (t-test).
t.test(log(C.value)~Source)

5. Conclusion: The means of the study and AGSD C-values are significantly
different (p = 0.002).
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VI. DMSO Storage Buffer
(adapted from Seutin et al. 1991):
•

20% DMSO

•

0.25 M EDTA

•

dH2O

•

saturated NaCl

VII. Homemade RNAlater
(adapted from Clarke and Amaral 2003):
•

40 mL 0.5M EDTA

•

25 mL 1M sodium citrate

•

700 g ammonium sulfate

•

935 mL sterile, distilled, nuclease-free water

•

1M sulfuric acid (to adjust pH to 5.2)
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